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Surface coating has become an eﬀective method to stabilize solid-electrolyte interphase (SEI), extend the cycle
life, and improve rate performance of anode materials for lithium ion batteries (LIBs). However, owing to the
incompatible volumetric changes between the core and the shell, core-shell structures with fully ﬁlled active
materials are prone to fracture upon electrochemical cycling, leading to fast capacity fading. Here, we synthesize
partially ﬁlled Sn@C yolk-shell nanoparticles (NPs) by chemical vapor deposition (CVD) as anode materials for
LIBs. Our in situ transmission electron microscope (TEM) studies demonstrate that the yolk-shell NPs can lithiate
and delithiate hundreds of cycles with ultrafast (2 s per cycle) reversible cycling without rupture. Front-tracking
ﬁnite element analysis of the coupled chemical reaction, diﬀusion, and stress generation upon lithiation reveals
improved chemomechanical durability of the yolk-shell NPs, in comparison to naked SnNPs and fully ﬁlled
Sn@C core-shell NPs. Our results provide rational guidance to the development and optimization of yolk-shell
NPs as high-performance anode materials for LIBs.

1. Introduction
The rapidly growing demand for high-performance lithium ion
batteries (LIBs) has driven relentless research work to design and synthesize new electrode materials with high energy density, high power,
and long cycle life [1–4]. Graphite [5], the most commonly used anodes
in commercial LIBs, has a relatively low energy density (375 mAh g−1,
≈1000 mAh ml−1) and thus falls behind the demand. Enormous eﬀort
has recently been devoted to high-capacity anode materials, including
Si, Ge, Sn and oxide materials such as SnO2 and FePO4 [6–15]. However, these high-capacity anode materials undergo large volumetric
swelling and are prone to rupture upon lithiation, which subsequently
lead to unstable solid-electrolyte interface (SEI) growth, loss of contact
between active materials, binders, and current collectors, and eventually fast capacity fading. In mitigating the chemomechanical degradation of these high-capacity electrode materials, many innovative
strategies have been developed, including nanostructuring, compositing, porosity, and surface coating, etc., all of which have improved
the electrochemical performance of the electrode materials to a great
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extent.
Surface coating has been identiﬁed as a promising strategy to mitigate the chemomechanical degradation of the high-capacity electrodes. Surface coatings can function as a chemical barrier that separates active materials from liquid electrolyte, suppresses unwanted
reactions between them, thereby stabilizing the SEI layer. Surface
coatings can also function as a mechanical buﬀer layer that constrains
the volumetric change during electrochemical cycling, thus preventing
pulverization of the active core materials. Carbon, metal, and some
polymeric coatings are electronically conductive, can enhance the
redox reaction kinetics and improve the power performance. Huang
et al. realized the ultrafast and full electrochemical lithiation of single
Si nanowires (SiNWs) through carbon-coating [4]. Carbon coating has
also been exploited to control lithiation-induced strain and charging
rate in SnO2 NWs [16]. Wang et al. observed that SiNPs coated with
conductive polymer polypyrrole self-discharges due to the constraining
eﬀect of the coating [17]. Wang et al. studied the reversibility of SnNWs
coated with carbon in lithiation and delithiation, and observed a twostep reversible crystalline-crystalline phase transformation [11].
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change. Owing to the pre-reserved void space, the active contents are
fully conﬁned in the closed shell throughout the cycling even though
the yolk pulverizes. A larger yolk-to-void volumetric ratio is favored for
the higher capacity. However, the pre-reserved void space must be
suﬃcient; otherwise the volume expansion of the yolk would break the
shell and subsequently the shell as well. Thus, the volumetric ratio of
the active yolk and pre-reserved void space must be carefully designed
and optimized in order to maximize the capacity but minimize the
pulverization of the yolk-shell structure.
In this letter, partially-ﬁlled Sn@C yolk-shell NPs are designed and
synthesized, and their phase transformation and microstructural

Ishihara et al. found that coating Si with carbon nanotube improves the
cycle stability of the Si anode [18]. All these studies suggest that surface
coating represents a powerful approach for improving capacity retention and cyclability of high-capacity electrodes.
Yolk-shell structure represents a special core-shell structure, which
features movable cores and pre-reserved void space between the core
and the shell. In general, the shell contributes negligibly to the overall
capacity, but oﬀers high conductivity and mechanical stability of the
yolk-shell. During electrochemical cycling, the active yolk undergoes
large volumetric changes without forming SEI, while the shell facing
the electrolyte is covered with SEI but undergoes negligible volume

Fig. 1. In situ TEM reversible lithiation and delithiation of a Sn@C yolk-shell NPs attached on the C substrate with high energy capacity. (a-h) TEM images of the ﬁrst two cycles (0–16 s,
the image at 16 s is not shown here because it replies to the initial state like 0 s and 8 s) of reversible lithiation and delithiation process, the insert images show the volume changing of the
target NP as the applied voltages in the reversible lithiation and delithiation process, the volume expansion even reaches to ~2.7–2.8 that can be calculated in (m) which shows the high
energy capacity lithiation properties. (i-l) TEM images of the 6th cycle (40–48 s, the image at 48 s is also not shown here) of reversible lithiation and delithiation process. The volume
curve Vs. voltage curve shows a perfect synchronization in the whole reversible lithiation and delithiation process. (m) The volume expansion in the whole reversible lithiation and
delithiation simulated by Matlab. The lithiation and delithiation cycle time t=8 s.
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Fig. S1 shows the schematics of in situ TEM setting for characterizing
the reversible lithiation and delithiation of partially ﬁlled Sn@C yolkshell NPs. Reversible lithiation and delithiation cycling was preceded
by applying a cyclical rectangular wave voltage [−4 V, 4 V]. The Sn@C
yolk-shell NPs were lithiated in the ﬁrst half loop with negative bias
companied by volume expansion of the Sn core, while delithiated in the
second half loop with positive bias companied with volume shrinkage
of the Sn core.

depict the lithiation-delithiation process in the 6th cycle (40–48 s). Similar volume changes were still observed, indicating stable, reversible
performance of the yolk-shell NP.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.
The inserted images in Fig. 1a-l show the volume changes of Sn core
along with the applied voltages during reversible lithiation and delithiation cycling. The calculation method for volume measuring by
Matlab program can be seen in the experimental section. From the inserted images in Fig. 1a-l, the volume change synchronizes with the
applied rectangle voltage proﬁle during cycling. Fig. 1m shows the
volume expansion rate of the Sn core. The average volume expansion
rate is more than 2, and even reaches to ~2.8 that can be calculated
from the volume expansion curve in Fig. S2e. We observed that from
the selected area electron diﬀraction (SAED) patterns that upon lithiation the Sn yolk changed to the Li22Sn5 phase (Fig. S2c), and after
delithiation it returned back to the amorphous Sn phase (Fig. S2b).
During the cycles, the Sn core were fully lithiated and delithiated, exhibiting the high reversibility and capacity retention.

2.1. High energy capacity lithiation performance

2.2. Ultrafast reversible lithiation and delithiation cycling

We ﬁrst studied the capacity of the partially ﬁlled Sn@C yolk-shell
NPs. Fig. 1a-j show a sequence of in situ TEM images of the reversible
lithiation and delithiation of a Sn@C yolk-shell NP attached on a C
substrate. The dynamics of lithiation and delithiation is also shown in
Movie S1. Each lithiation-delithiation cycle time was tuned to be 8 s by
controlling the signal function generator. Fig. 1a-h show the TEM
images of the ﬁrst two cycles (0–16 s). From the images we observed
that the Sn yolk core underwent obvious volume expansion during lithiation and shrinkage during delithiation. The TEM images in Fig. 1i-l

We next characterize the lithiation and delithiation rate of the
partially ﬁlled Sn@C yolk-shell NPs attached on the C substrate, as
shown in Fig. 2 and Movie S2. The reversible lithiation-delithiation
cycle time was further reduced to 2 s by controlling the signal function
generator. The TEM images in Fig. 2a-j show the ﬁrst two cycles of
reversible lithiation and delithiation process. We observed that though
a bias was applied at 0 s, lithiation was not started until 0.15 s, possibly
due to the diﬀusion-limiting process. Despite of the delay, the Sn core
was fully lithiated in the following 1 s (0.15–1.15 s) and then fully

evolution upon electrochemical cycling are characterized by in situ
TEM. Front tracking ﬁnite element analyses are invoked to simulate the
chemical reaction, mass diﬀusion, lithiation-induced large deformation
and stress generation. Our integrated experimental and modeling results evidence improved electrochemical performance of the Sn@C
yolk-shell NPs in comparison to their naked and fully ﬁlled counterparts. Out studies shed light on material selection, fabrication, and
optimization of novel yolk-shell structures as anode materials for LIBs.
2. Results and discussions

Fig. 2. In situ TEM ultrafast reversible lithiation and delithiation of another Sn@C yolk-shell NP attached on the C substrate. (a-j) TEM images of the ﬁrst two cycles (0–4 s, the lithiation
and delithiation time delayed for about 0.15 s, that is to say the NP had not been lithiated from 0 to 0.15 s or the lithiation started at 0.15 s, so we extended the image to 4.15 s) of
reversible lithiation and delithiation process, the insert images show the volume changing of the target NP as the applied voltages in the reversible lithiation and delithiation processes. (ko) TEM images of the 33th cycle (64.15–66.15 s) of reversible lithiation and delithiation process. The volume curve Vs. voltage curve also shows a perfect synchronization in the whole
reversible lithiation and delithiation process. The lithiation and delithiation cycle time can be shortened to t=2 s.

189

Nano Energy 40 (2017) 187–194

K. Cao et al.

Fig. 3. In situ TEM cyclability of a Sn@C yolk-shell
NP attached on the C ﬁber with t=10 s: (a-c) the
third cycle, (d-f) the 100th cycle. (g) Schematic of
the reversible lithiation and delithiation processes of
the Sn@C yolk-shell NP.

rate of ~27.5 nm/s of the C-coated SiNW [4], showing the ultrafast
cycling of the Sn@C yolk-shell NPs. Similar ultrafast can be also realized for the Sn@C yolk-shell NPs attached onto C ﬁbers, as shown in
Fig. S3 and Movie S3.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.
Besides the high energy capacity and ultrafast reversible

delithiated within another 1 s (1.15–2.15), showing the ultrafast cycling rate. The inserted images show the NP volume changes consistently with the applied voltages during the reversible lithiation and
delithiation processes. Such a synchrony between the volume change
and applied bias remained in the 33th cycle (64.15–66.15 s), as shown
in Fig. 2k-o. From the cycling time (2 s), the lithiation or delithiation
rate was estimated to be > 100 nm/s. This compares to the lithiation

Fig. 4. The constraint eﬀect of the coated C shell on the reversible lithiation and delithiation process of (a-d) the dispersed partially Sn@C core-shell NPs and (e-f) a nearly full NP
attached on the C ﬁber. Comparing with the (a-b), (e-f) NPs with intact coated C shell, the volume changes of the NPs were more obvious when (c-d), (g-h) the coated C shell was broken.
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2.3. Front track ﬁnite element modeling

performance, the Sn@C yolk-shell NPs can undergo hundreds of cycles
with negligible degradation. Fig. 3 and Movie S4 show the multiple
cycling performance of a Sn@C yolk-shell NP attached on the C ﬁber
with each cycle duration of 10 s Fig. 3a-c shows the third cycle of the
reversible reaction behavior of the sample, wherein the volume change
upon lithiation and delithiation can be clearly seen. Fig. 3d-f shows
structural changes of the NP in the 100th cycle, which shows negligible
diﬀerences from those in the ﬁrst several cycles. The yolk-shell structures in Figs. 1 and 2,S3 were well preserved after 130, 180, and 250
cycles, demonstrating its structural and electrochemical stability and
durability.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.
Then, the protective function of the C shell on the Sn core in the
reversible lithiation and delithiation processes has also been probed.
The loose C shell could successfully protect the Sn core from the rupture
during the volume expansion in previous reports [11,16,17,19]. It is
noteworthy that not all the Sn@C yolk-shell NPs keep intact in the
reversible lithiation processes. So determinations of parameters like the
ratio of the C shell thickness (t) to the Sn core diameter (d) t/d and the
volume fraction ratio of Sn core in the C shell VSn/VC (VSn: the volume
of the Sn core, VC: the volume wrapped by the C shell) are critical for
eﬀective protection of Sn core. Besides the protective function, the C
shell also performs signiﬁcant inﬂuence on the reversible reaction rate
and the conductivity. The combined eﬀects of the C shell on the Sn core
can be deﬁned as constraint eﬀects. Considering the conductivity, the
reversible reaction rate, and the protective function, the optimum t/d
and VSn/VC are distributed between 0.1–0.3 and 0.4–0.7, respectively.
The details can be seen in the experimental section.
Fig. 4 shows the in situ TEM lithiation and delithiation behavior of
two almost full Sn@C core-shell NPs attached on the C substrate and
ﬁber before (Fig. 4a-b,e-f) and after rupture (Fig. 4c-d,g-h) with the
same cycle time of 4 s. The videos are shown in Movies S5,6. From the
images, it can be seen that the volume expansion and shrinkage of the
Sn core in the reversible lithiation and delithiation after rupture
(Fig. 4c-d,g-h, Sn leakage occurred) is more obvious than before
(Fig. 4a-b,e-f), which is the volume constraint eﬀect.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.

In order to describe the transformation details in the lithiation
process (the delithiation process is the opposite process of lithiation
process, so it is omitted in the simulation), the front track ﬁnite element
modeling is used to interpret the transformation steps. The video is
shown in Movie S7. Fig. 5 shows the simulation results at diﬀerent
stages. Fig. 5a shows the initial state of the NP before lithiation. The
ﬁrst lithiation step starts in Fig. 5b with the negative voltage applied,
and ﬁnishes in Fig. 5c with the fully transformation from Sn to Li2Sn5
[11]. It can be noticed that the volume expansion is limited in the ﬁrst
lithiation step. However, when the ﬁrst lithiation step is ﬁnished, the
second lithiation step starts as soon as possible as in Fig. 5d with obvious volume expansion. In Fig. 5e, the space is fully ﬁlled as the lithiation continuous. But the lithiation process keeps going until to the
NP is fully lithiated companied with volume expansion of the whole NP
that are shown in Fig. 5f-h. In this step, even though there are many
types of intermediate products, the ﬁnal product is demonstrated to be
polycrystalline Li22Sn5 (Fig. S2c-d).
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.
In order to highlight the advantages of the partially ﬁlled Sn@C
yolk-shell NP, the lithiation processes of pure Sn NP and full-ﬁlled
Sn@C core-shell NP were also simulated by front track ﬁnite element
modeling. The video is shown in Movie S8. Fig. S4 shows the simulation
results of the pure Sn NP (left side in each image) and the full-ﬁlled
Sn@C core-shell NP (right side in each image) at diﬀerent stages.
Fig. 5a shows the initial states of the two type NPs before lithiation. The
ﬁrst lithiation step of the two type NPs starts in Fig. S4b with the negative voltage applied. To the pure Sn NP, the ﬁrst lithiation step ﬁnishes with fully transformation from Sn to Li2Sn5 in Fig. S4c left, and
then the second lithiation step starts and ﬁnishes in Fig. S4d left and
Fig. S4e left, respectively. To the Sn@C core-shell NP, the ﬁrst lithiation
step keeps going on in Fig. S4c-e right until to the moment in Fig. S4f
right; then the second lithiation step starts in Fig. S4g right, and ﬁnishes
in Fig. S4h right. The volume expansion of both the two type NPs in the
ﬁrst lithiation step is not so obvious compared with the second lithiation step.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.

Fig. 5. Front tracking ﬁnite element analysis of the lithiation process of the Sn@C yolk-shell NP: (a) before lithiation, (b) the ﬁrst lithiation step starts, (c) the ﬁrst lithiation step is
ﬁnished, (d) the second lithiation step starts, (e) the void in partially ﬁlled NP is ﬁlled full, (f-h) lithiation keeps going until to the NP is fully lithiated companied with volume expansion
of the whole NP.
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Fig. 6. Front tracking ﬁnite element analysis of pressure in the lithiation process of the Sn@C yolk-shell NP: (a) before lithiation, (b) the ﬁrst lithiation step starts, (c) the ﬁrst lithiation
step is ﬁnished, (d) the second lithiation step starts, (e) the void in partially ﬁlled NP is ﬁlled full, from (a) to (e), there exists no pressure in the NP because of the freely void in the NP, (fh) the NP is lithiated continually till to fully lithiated companied with volume expansion of the whole NP and the pressure coming from the extrusion between the inner LixSny and the
outer C shell, and the extrusion in the inner LixSny itself. If the pressure reached to the critical fracture strength of the C shell while the lithiation has not ﬁnished yet, the C shell would
fracture in the continuous lithiation process like the inset image in (h).

respectively. To the Sn@C core-shell NP, the ﬁrst lithiation step keeps
going on and the pressure increases slowly from Fig. S5c right till to the
moment in Fig. S5f right; the second lithiation step starts and the
pressure increases rapidly from the moment in Fig. S5g right, and ends
in Fig. S5h right with the maximum pressure. If the pressure reached
the critical fracture strength of the C coating, the C shell would fracture
in the continuous lithiation process as shown in the inset image in Fig.
S5h right and Fig. 5c-d,g-h. It is obviously that the Sn core without C
shell ends the lithiation process earlier compared with the Sn core
coated with C shell. So the C shell has also introduced the constraint
eﬀect on the reversible lithiation and delithiation rate. It is diﬀerent
from the result that the C shell improves the rate parameters of Si NWs
from 2.3 nm/s to 27.5 nm/s [4].
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.

The pressure changes of the partially ﬁlled Sn@C yolk-shell NP in
the lithiation process (the delithiation process is the opposite process of
lithiation process, so it is omitted in the simulation) are simulated by
front track ﬁnite element modeling. The video is shown in Movie S9.
Fig. 6 exhibits the simulation results at diﬀerent stages. Fig. 6a shows
the initial state of the NP before lithiation. The ﬁrst lithiation step starts
in Fig. 6b with negative applied voltage and ends in Fig. 6c with the
entire transformation of Sn to Li2Sn5 [11]. The second lithiation step
starts as soon as the ﬁrst lithiation step ends as depicted in Fig. 6d. In
Fig. 6e, the space is fully ﬁlled with the lithiation continuous, so there is
no pressure in the NP before it getting full because of the freely space in
the NP. In Fig. 6f-h, the NP is continually lithiated companied with
volume expansion of the whole NP and pressures that from the extrusion between the inner LixSny and the outer C shell, and the extrusion in
the inner LixSny itself. If the inner pressure reached the critical fracture
strength of the C shell, the C shell would fracture in the continuous
lithiation process as shown in the inset image of Figs. 6h and 4c-d,g-h.
The volume expansion is not so obvious in the second lithiation step
after full-ﬁlling the void as before, which reveals the obvious constraint
eﬀect of the C shell on the volume expansion during the lithiation
process.
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.
In addition, pressure changes of pure Sn NP and full-ﬁlled Sn@C
core-shell NP in the lithiation processes are also simulated by front
track ﬁnite element modeling. The video is shown in Movie S10. Fig. S5
exhibits the simulation results of the Sn NP (left in each image, no
obvious pressure because of in free volume expansion state, and so no
illustration about the pure Sn NP in the following texts) and the fullﬁlled Sn@C core-shell NP (right in each image) at diﬀerent stages. Fig.
S5a shows the initial states of the two type NPs before lithiation. The
ﬁrst lithiation step of the two type NPs starts in Fig. S5b with the negative applied voltage, and the pressure (from the extrusion between
the inner LixSny and the outer C coating, and the extrusion in the inner
LixSny itself) appears in the Sn@C core-shell NP. To the pure Sn NP, the
ﬁrst lithiation step of the Sn NP ends with the entire transformation
from Sn to Li2Sn5 [11] in Fig. S5c left, and then the second lithiation
step of the Sn NP starts and ends in Fig. S5d left and Fig. S5e left,

3. Conclusions
In summary, the partially ﬁlled Sn@C yolk-shell NPs were designed
and synthesized by CVD as anode materials for LIBs. The yolk-shell NPs
can lithiate and delithiate hundreds of cycles with ultrafast (2 s per
cycle) reversible cycling without rupture that was demonstrated by in
situ TEM investigation. Compared to the naked SnNPs and fully ﬁlled
Sn@C core-shell NPs, the chemomechanical durability of the yolk-shell
NPs was improved through the coupled chemical reaction, diﬀusion,
and stress generation upon lithiation that was proved by front tracking
ﬁnite element analysis. The constraint eﬀects of C coating on Sn core
was also observed by TEM and illustrated by front-tracking ﬁnite element analysis. The results provide rational guidance to the development and optimization of yolk-shell NPs as high-performance anode
materials for LIBs.
4. Experimental section
The partially ﬁlled Sn@C yolk-shell NPs used in our research were
synthesized by CVD. Firstly, the SnO2 (0.01 g) powder was ultrasonicated in an ethanol solvent (40 ml) for 2–4 h, dropped on a dry strip
of ﬁlter paper, and transferred to the oven (60 °C) for 6 h. Secondly, the
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dry strip of ﬁlter paper with SnO2 was sent to the tube furnace and kept
at 750 °C and a ﬂow of Ar (200 sccm) and C2H2 (35 sccm) for 60 min.
Thirdly, the sample was kept at 1000 °C for 3 h to volatize part of Sn
wrapped in the C shell. Finally, the sample was obtained when the
temperature was dropped to room temperature under the protection of
Ar (200 sccm).
The typical TEM images and corresponding SAED pattern of the
perfect Sn@C yolk-shell NPs are shown in Fig. S6a-c,e. From the
images, it can be seen that the Sn core is wrapped in the C shell with a
certain void. The diameter of the Sn core (or the inner diameter of the C
shell) is about 90 ± 30 nm, and the thickness of the C shell is about
10–20 nm. Under diﬀerent synthesis conditions, some Sn@C yolk-shell
NPs with other morphologies were also obtained that are shown in Fig.
S6d,f. The synthesis parameters of the Sn@C yolk-shell NPs in Fig. S6df are listed in Table S1. In addition, the ratio of the C shell thickness to
the Sn core diameter t/d also needs to be considered. If the t/d ratio is
too high, the conductivity, the lithiation and delithiation rate would
decrease (Fig. S6d); and if the t/d ratio is too low, the protective
function of the C shell would be greatly reduced (Fig. S6f). Considering
the conductivity, the lithiation and delithiation rate, and the protective
function, the optimum t/d ratio is distributed between about 0.1 and
0.3 (Fig. S6e).
The volume fraction ratio of Sn core in the C shell VSn/VC ((VSn: the
volume of the Sn core, VC: the volume wrapped by the C shell) can be
controlled by the synthesis technology. If the volume fraction ratio
exceeds the upper limit, Sn@C yolk-shell NPs would rupture in the lithiation process that is shown in Fig. S7a-b. If the volume fraction ratio
exceeds the lower limit, Sn@C yolk-shell NPs cannot ﬁll fullness in the
lithiation process that is shown in Fig. S7c-d. The optimum VSn/VC of
Sn@C yolk-shell NPs is distributed between about 0.4–0.7 that can
guarantee the lithiated Sn core ﬁll the C shell fullness as far as possible,
and avoid the rupture of the Sn@C yolk-shell structure simultaneously
in the lithiation process (Fig. S7e-f). The samples in Figs. 1–3 and Fig.
S3 can demonstrate the speculation. The volume can be observed accurately by tilting the TEM holder. Fig. S8 show the TEM images of a
Sn@C yolk-shell NPs at diﬀerent tilt angles. Under the optimum tilt
angle, the volume of the Sn NP is the smallest, and the image is uniform
without contract diﬀerence.
In this letter, the reversible lithiation and delithiation behavior of
the Sn@C yolk-shell NPs was investigated by means of in situ TEM. The
Sn@C yolk-shell NPs were attached on the C substrate or the ﬁber that
were stuck on the Au electrode by the conducting epoxy. The Li source
was stuck on the Ni/Cr counterelectrode by the conducting epoxy. The
Ni/Cr counterelectrode can move in the X, Y, Z directions driven by the
piezoelectric ceramic tube. When the Sn@C yolk-shell NPs attached on
the C substrate or the C ﬁber contacted the Li source, a cyclical rectangular wave voltage [−4 V, 4 V] was applied on the half-cell LIB by a
function generator (Tektronix TBS1102) to observe its reversible lithiation and delithiation behavior.
The volume changes of the Sn core in the reversible reaction can be
approximately calculated by the Matlab program. The video is shown in
Movie S11. Firstly, the target video about the Sn@C yolk-shell NP (the
sample was taken from Fig. 2) is cut down from the whole video. Then,
the pixels A (the area of the pixels) of the Sn core in the target video is
captured by Matlab program through the volume changes. Finally, the
4
volume changing curve V (V = 3 π −1/2A3/2 ) can be exported by the
transformation of the Matlab program. The TEM images, the pixels A
images, and the volume changing curve are shown in the top left, top
right, and bottom of Fig. S9a-h, respectively (1–4.5 s).
Supplementary material related to this article can be found online at
http://dx.doi.org/10.1016/j.nanoen.2017.07.042.
The electrochemical performances of the macro battery were also
measured. The above image in Fig. S10a shows the electrochemical
performances of Sn@C yolk-shell NPs electrode cycled between 0.01
and 3.0 V at current densities of 500 and 1000 mA/g. The reversible
discharge speciﬁc capacity is about 294 mAh/g at current density of

500 mA/g, and 262 mAh/g at current density of 1000 mA/g after 100
cycles. This low speciﬁc capacity is because the low weight percentage
of Sn in the sample (Sn@C NPs and carbon substrate or ﬁber). As described in the experiment section, only two or three pipette drop of
SnO2 solution was dropped on a dry strip of ﬁlter paper (about
1×4 cm2) for the convenience of in-situ TEM investigation of Sn@C
yolk-shell NPs, thus the weight percentage of Sn in the ﬁnal sample is
very low. If the proportion of carbon substrate or ﬁber decreased, the
capacity of the sample would be increased greatly. This image demonstrates a remarkable cycling stability over 100 cycles for Sn@C
yolk-shell NP electrode at the current density of 500 and 1000 mA/g,
after 100 cycles, the electrode can still reach the speciﬁc capacity of
294 and 262 mAh/g. The inset image in Fig. S10a reveals the discharge
capacity of Sn@C yolk-shell NP electrode at diﬀerent current density
(200, 500, 1000, 2000, 4000, 200 mA/g). The rate performance of the
Sn@C powders is shown in this ﬁgure, in which the current densities
increased stepwise from 200 mA/g to 4000 mA/g and then returned to
200 mA/g. The cycles were measured during each increment to evaluate the rate performances. The 10th reversible discharge capacities of
the Sn@C powders decreased from 261 mAh/g to 184 mAh/g as the
current density increased from 200 to 4000 mA/g. Despite cycling at
high current densities, the discharge capacity of the powders recovered
to 291 mAh/g when the current density returned to 200 mA/g. The
image in Fig. S10b shows the cycle voltammograms of Sn@C yolk-shell
NPs with scan speed of 0.2 mV/s. The peak below 0.25 V (0.156 V and
nearly 0.01 V) corresponds to the Sn alloy reaction to form LixSn, and
the intercalation of Li+ into carbon shell results in forming of LixC. The
peak at 0.643 V in the ﬁrst cycle is probably attributed to form a SEI
layer. In the ﬁrst anodic scan, the peak at 0.165 V corresponds to the
dealloying of LixSn.
Notes
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