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A B S T R A C T

Tin (Sn)-based materials are potential alternatives to the commercial graphite anode for next generation Li-ion
batteries, but their successful application is always impeded by fast capacity fading upon cycling that stemmed
from huge volume variations during lithiation and delithiation. We develop an applicable strategy of
encapsulating sub-10-nm-sized Sn-based nanoparticles (i.e., Sn and SnO2) in nitrogen/phosphorus codoped
hierarchically porous carbon (NPHPC) or NPHPC-reduced graphene oxide hybrid (NPHPC-G) to effectively
solve the issues of Sn-based anodes. Benefiting from the peculiar structure, the composites exhibit
unprecedented electrochemical behaviors, for example, NPHPC-G@Sn and NPHPC-G@SnO2 deliver a high
reversible capacity of ~1158 and ~1366mAh g-1 at 200mA g-1, respectively, and maintain at ~1099mAh g-1

after 500 cycles and ~1117mAh g-1 after 300 cycles. In situ transmission electron microscopy and ex situ
scanning electron microscopy observations unveil that these composites are able to withstand the volume
changes of Sn-based nanoparticles while sustaining the framework of the architectures and hence conferring
outstanding electrochemical properties. Our present work provides both in situ and ex situ techniques for
understanding the so-called synergistic effect between metals or metal oxides and carbons, which may offer
rational guidance to design carbon-based functional materials for energy storage.

1. Introduction

Li-ion batteries (LIBs), the currently predominate power source for
portable electronics, have been considered as the most promising clean
energy technology for the booming electric vehicles and stationary
energy storage [1,2]. However, conventional LIBs based on insertion-
compound materials (i.e., graphite anodes and lithium transition metal
oxide or phosphate cathodes) are approaching their intrinsic limit of
specific energy (~210Wh kg-1), which cannot satisfy the ever-growing
demand for energy [3–6]. A further increase in charge storage
capability of LIBs requires an increase in the specific capacity of the
electrode materials. Tin (Sn)-based materials, with high theoretical
specific capacity [e.g., ~990mAh g-1 for Sn, ~780mAh g-1 (considering

only the reversible alloying reaction) for SnO2] and low discharge
potential versus Li/Li+, are potentially feasible alternatives to the
conventional graphite anodes for next generation of LIBs [7,8]. Since
Fujifilm Celltec Company initially announced the commercialization of
Sn-based amorphous composite oxide as a negative electrode in 1997
[9], a great deal of research efforts have been devoted to developing
advanced Sn-based anodes. Yet the practical implementation of Sn-
based anodes faces the insurmountable challenges of huge volume
variations [10,11], for example, ~260% for Sn and ~300% for SnO2,
during the alloying and dealloying, resulting in poor cyclability stem-
ming from the pulverization of electrodes associated with the parasitic
phenomena (i.e., continuous formation of solid electrolyte interphase
(SEI) and electrical disconnection with the current collector).
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In pursuit of achieving high performance Sn-based anodes, to date,
numerous elaborate synthetic strategies have been developed so as to
efficiently address the aforementioned issues. Generally, the primarily
effective approaches include: (1) nanostructuring Sn-based materials
with diverse fine structures to alleviate mechanical strain [12–14], (2)
building intermetallic alloys or amorphous SnOx to ease volume
expansion of Sn [15–18], and (3) introducing carbon-based matrices
to mitigate the volume fluctuations and inhibit mechanical fracture of
Sn [19–22]. Among them, the construction of compatible carbon-based

matrix/Sn hybrids is the most promising approach to solve the issues of
Sn-based electrodes in view of that the carbon-based matrices can
additionally contribute to the efficient electronic conduction of the
entire electrode. To this end, various well-designed nanocomposites
ranging from one dimensional to three dimensional architectures have
been developed through delicate nanotechnology, which exhibit sig-
nificantly longer cyclic lifespan compared with the pristine Sn-based
particles [21,23–26]. However, their long-term cycling stability and
rate capability are still far from satisfactory owing to the easy formation

Fig. 1. Schematic diagrams of fabrication and characterizations of the NPHPC@Sn and NPHPC-G@Sn. (A) Schematic illustration of the fabrication procedures of NPHPC@Sn and
NPHPC-G@Sn by in situ carbonization of Sn2+ absorbed MPP. GO is introduced as the precursor of graphene towards the fabrication of NPHPC-G@Sn. (B) Py-GC/MS chromatogram
obtained upon heating MPP to 700 oC for 30 s. The numbers represent the major pyrolysis products of MPP, wherein 1, the predominant peak, stems from the carrier gas, helium. (C)
XRD patterns of NPHPC@Sn and NPHPC-G@Sn, compared with the standard diffraction peaks for β-Sn (JCPDS No. 04–0673). The narrow and sharp spectral width evinces that the Sn
nanoparticles have good crystallinity. SEM images of NPHPC@Sn (D) and NPHPC-G@Sn (G). Insets: higher-magnification SEM image of the hybrids. TEM images of NPHPC@Sn (E)
and NPHPC-G@Sn (H). Insets: higher-magnification TEM image of the corresponding samples. HRTEM images of NPHPC@Sn (F) and NPHPC-G@Sn (I). Insets: HRTEM image of a
typical Sn nanoparticle in the composites.
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of bulk Sn clusters during repeated charge/discharge, which ultimately
devastates the pre-constructed nanostructures. In addition, their
scalability for mass-production remains a big challenge due to the
harsh reaction conditions (i.e., the requirement of explosive hydrogen
gas during Sn reduction), complex synthetic procedures, high cost and/
or low throughput. On the other hand, for most of the reported Sn-
based anodes, especially those composites-based, there is still lack of
in-depth mechanistic study on mechanism investigation. Thus, it is
imperative to explore new strategies for developing advanced Sn-based
anodes together with in situ characterization techniques to study their
fundamental mechanisms, while being suitable for large-scale produc-
tion towards practical applications.

In this work, we report the fabrication of a series of composites
based on supersmall (sub-10 nm) Sn-based nanoparticles (i.e., Sn
and SnO2) embedded in different carbon matrices (i.e., nitrogen/
phosphorus codoped hierarchically porous carbon (NPHPC) and
NPHPC-reduced graphene oxide hybrid (NPHPC-G)), using facile

and scalable approaches. Typically, the NPHPC@Sn and NPHPC-G@
Sn composites were fabricated by a one-step in situ carbonization of
Sn2+ absorbed melamine polyphosphate (MPP), whereas the
NPHPC@SnO2 and NPHPC-G@SnO2 were obtained by a one-pot
hydrothermal process, either without or with graphene oxide (GO) in
the original reaction liquid. In sharp contrast to previously reported
strategies that require exquisite nano-techniques and/or delicate
instruments for constructing carbon/Sn nanocomposites, our work
reported here only involves maturely industrial processes. At the
same time, MPP, the precursor of NPHPC, is a commercially
available product, which has been widely used as a non-halogen
flame retardant and can be readily purchased in tons with low price
or be quickly and easily synthesized in hundreds of grams with lab-
scale as demonstrated in our case (Fig. S1). Therefore, mass
production of these composites can be expected, which makes a
significant step forward to the practical applications of Sn-based
materials. More intriguingly, the distinct structure of the composites

Fig. 2. Electrochemical properties of the NPHPC@Sn and NPHPC-G@Sn composites. (A) CV profiles of the NPHPC@Sn and NPHPC-G@Sn electrodes at a scan rate of 0.5mV s-1 in the
potential window of 0.01–3.0 V (vs Li/Li+). The initial charge/discharge voltage profiles (B) and cycling performance (C) of NPHPC@Sn and NPHPC-G@Sn electrodes measured at
200mA g-1. (D) Rate capabilities of NPHPC@Sn and NPHPC-G@Sn electrodes under programmed current densities. (E) Specific capacity as a function of current density for NPHPC-
G@Sn electrode in comparison with the reported carbon/Sn anodes.
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endows excellent anodic performances for LIBs, in particular,
NPHPC-G@Sn and NPHPC-G@SnO2 exhibit good cyclic stability
(maintaining a reversible capacity as high as ~1099mAh g-1 after 500
cycles and ~1117mAh g-1 after 300 cycles, respectively) as well as
extraordinary rate capability. To the best of our knowledge, their
overall performances are in the top level of Sn-based composites so
far have been reported. Both in situ and ex situ techniques are
successfully applied to monitor electrochemical-reaction-induced
microstructural changes and understand the lithiation/delithiation
mechanisms of the composites. This work provides a low-cost and
effective route to construct advanced Sn-based materials, which may
also shed light on the development of other carbon/metal-based
hybrids for practical application, not limited to LIBs, but can also be
used in a broad spectrum of electrochemical fields.

2. Results and discussion

2.1. NPHPC@Sn and NPHPC-G@Sn nanostructures

Fig. 1A schematically presents the synthesis procedure of NPHPC@
Sn nanostructure by means of a one-step in situ carbonization of Sn2+

absorbed MPP, where the MPP precursor was prepared by the method
reported in our recent work [27]. Briefly, SnCl2 was firstly dissolved
into MPP dispersion under constant stirring, during which the
positively charged Sn2+ will be captured by the electron donating
NH2 group on MPP. The precipitation was collected, dried, and then
carbonized with the protection of an argon flow (see Experimental
section for details). During the annealing process, MPP was pyrolyzed
into NPHPC (Fig. S2 and S3), whereas the decomposition of MPP
caused an organic molecules enriched reducing atmosphere, as demon-
strated by pyrolysis gas chromatography mass spectrometry (Py-GC/
MS) (Fig. 1B), which simultaneously triggers Sn2+ in situ reduced to Sn
nanoparticles, leading to the formation of NPHPC@Sn composite. To
better confine Sn nanoparticles in the carbon matrix, and increase the
conductivity of the composite, we further fabricated NPHPC-G@Sn
composite, as shown in Fig. 1A (right part of the schematic image.
Note: GO will be reduced solely under thermal annealing condition
[28], and the amount of GO used in this work was referred to our
previous work unless otherwise stated [29]). X-ray diffraction (XRD)
patterns (Fig. 1C) of the as-formed composites reveal a pure phase Sn
nanostructure well indexed to β-Sn (JCPDS No. 04–0673). The sharp
diffraction peaks with small full width at half-maximum (FWHM)
values signify good crystallinity of the Sn nanoparticles. Because of its
simplicity, scalability, and most importantly the circumvention of using
the explosive hydrogen gas, our present approach is significantly
superior to the previous works on fabricating carbon/Sn composites
[19,20,22,23], and hence more suitable for real applications. The mean
size of Sn crystallites in the composites is calculated to be ~7 nm based
on Scherrer equation (t = 0.9λ/βcosθ, where θ is the Bragg angle, β is
FWHM in radian, λ is the X-ray wavelength, and t is the mean
crystalline domain size), using Sn (100) peak. Scanning electron
microscopy (SEM) images (Fig. 1D) show that the NPHPC@Sn hybrid
has a coral-shaped 3D morphology and no bulk Sn aggregations are
observed. Further transmission electron microscopy (TEM) images
(Fig. 1E) disclose a large number of uniform-sized Sn nanoparticles
that well dispersed in the 3D macroporous structure. The average size
of Sn nanoparticles is around 7 nm, as evidenced by high-resolution
TEM (HRTEM) images (Fig. 1F), consistent with the XRD results. Such
morphological uniqueness and structural uniformity may accommo-
date the large strain of Sn nanoparticles; prevent their pulverization
and agglomeration during lithiation/delithiation, thus affording long
cyclic life. In another case, the NPHPC-G@Sn composite displays
similar geometric feature in regard to NPHPC@Sn. As shown in
Fig. 1G, NPHPC-G@Sn exhibits an interconnected framework with
graphene perfectly integrated into the 3D matrix, which not only
facilitates electrolyte-electrode interactions and charge transfer pro-

cess, but also benefits to preserve the electrode integrity during cycling.
TEM and HRTEM images (Fig. 1H and I) illustrate that the morphol-
ogy, distribution and size of Sn nanoparticles in NPHPC-G@Sn present
no apparent differences with respect to NPHPC@Sn. The weight
content of carbon in NPHPC@Sn and NPHPC-G@Sn composites is
determined to be 42.8 and 46.6%, respectively, according to thermo-
gravimetric analysis (TGA, Fig. S4).

To probe the electrochemical properties of the composites, cyclic
voltammetry (CV) tests were performed on coin-type cells using lithium
foil as both counter and reference electrodes. As shown in Fig. 2A, the CV
profiles of NPHPC@Sn electrode reproduce similar electrochemical
characteristics compared with that of NPHPC-G@Sn. In the first scan,
a few irreversible peaks are monitored. Specifically, the broad peak at
0.4–1.0V corresponds to both the lithiation of Sn and SEI formation
associated with electrolyte decomposition [24,30]. While the small redox
peaks at ~2.4, ~1.7 and ~1.4V are presumably due to the Li insertion
and extraction from the oxygen-containing functional groups on carbon
[27]. Nevertheless, from the second sweep onward, the electrochemical
reactions gradually become reversible. The two cathodic peaks at ~0.25
and ~0.62 V originate from the alloying reaction of Sn to LixSn phase,
whereas the two anodic peak at ~0.47 and ~0.67 V are assigned to the
dealloying of LixSn to Sn [19,22]. Clearly, NPHPC-G@Sn electrode
exhibits better reversibility than NPHPC@Sn, as reflected by the well
overlapped CV curves, indicative of the presence of graphene is more
favorable for restraining the volume variations and aggregation of Sn
nanoparticles. Furthermore, the distinguishable negatively shifted anodic
peaks accompanied by the positively shifted cathodic peaks of NPHPC-
G@Sn electrode manifest its enhanced kinetic behaviors, namely, easier
migration of Li ion through the SEI film and faster charge transfer. The
electrochemical stability of the composite electrodes was evaluated by
galvanostatic cycling at a current density of 200mAg-1. Fig. 2B shows the
initial charge-discharge profiles of these electrodes, which express typical
features of carbon/Sn anodes. The first discharge capacity of NPHPC@Sn
and NPHPC-G@Sn electrode is 2194 and 2224mAh g-1, respectively,
with a reversible capacity of 1019 and 1158mAh g-1 retained in the
subsequent charge process. The comparatively larger coulombic effi-
ciency of NPHPC-G@Sn electrode (52.1%) compared with that of
NPHPC@Sn (46.4%) states its stronger ability for confining Sn nano-
particles and accordingly eluding the detrimental reactions of Sn with Li
ions, agreeing well with the CV results. Importantly, NPHPC-G@Sn
electrode also possesses a high reversible capacity of 1099 mAh g-1

(~95% retention, and ~100% of the second cycle capacity) with a
coulombic efficiency of 99.4% (Fig. S5) after 500 consecutive cycles
(Fig. 2C), which is far superior than that of NPHPC@Sn (711 mAh g-1,
~70% retention). Galvanostatic charge-discharge measurements were
further conducted at varied current densities to assess their rate
capability (Fig. 2D and Fig. S6). The average reversible capacity of
NPHPC-G@Sn electrode reaches as high as 1120, 915, 844, 780, 704,
615 and 514 mAh g-1 at programmed current rates of 100, 200, 400, 800,
1600, 3200 and 6400mAg-1, respectively. All of these values are
considerably higher than those of NPHPC@Sn (i.e., 877, 579, 458,
361, 266, 182 and 108 mAh g-1 sequentially tested at 100, 200, 400, 800,
1600, 3200 and 6400mAg-1), especially at higher current rate, for
example, > 800mAg-1, once again documenting the faster kinetics of
electrochemical reactions in NPHPC-G@Sn electrode. This matches well
with the electrochemical impedance spectroscopy (EIS) results shown in
Fig. S7. It is worth emphasizing that even after a deep cycling at an
extremely high current rate of 6400mA g-1, the reversible capacity of
NPHPC-G@Sn can be instantly recovered to 978 mAh g-1 when the
current abruptly switches back to 100mAg-1, and progressively ap-
proaches to its former values upon cycling, which exclusively proofs its
superb rate capability. These amazing electrochemical performances are
definitely beyond the previously reported carbon/Sn anodes (Fig. 2E), for
example, Sn-embedded nitrogen-doped porous carbon (NPC@Sn) [30],
hierarchical Sn/Carbon hybrid (C@Sn) [19], Sn nanopillar arrays
embedded graphene (G@Sn) [24], Sn-encapsulated porous carbon

W. Ai et al. Energy Storage Materials 14 (2018) 169–178

172



microtubes (PCMT@Sn) [23], Sn sandwiched graphene (G@Sn@G) [21],
TiO2-coated Sn/carbon nanofibers (CNFs@Sn@TiO2) [31], Sn-encapsu-
lated carbon nanotubes (CNT@Sn) [20], Sn-embedded carbon nanofi-
bers (CNF@Sn) [32], and Sn/carbon nanocables integrated graphene
(G@Sn@C) [25].

2.2. NPHPC@SnO2 and NPHPC-G@SnO2 nanostructures

The NPHPC@SnO2 and NPHPC-G@SnO2 nanohybrids were
synthesized via a hydrothermal method, using NPHPC (the pyrolysis
product of MPP) and SnCl2 as the precursors, either without or with
GO in the original reaction liquid (Fig. 3A). This process involves the
hydrolysis and oxidation of SnCl2 to produce SnO2 [33,34] and, at the
same time, GO undergoes a superheated-H2O-promoted deoxidation
reaction to transform into graphene [35]. SEM images of NPHPC@
SnO2 (Fig. 3B and C) reveal that the obtained SnO2 nanoparticles are
firmly anchored on the carbon nanowalls with a few aggregations non-
uniformly dispersed among the voids of the NPHPC matrix.
Interestingly, NPHPC-G@SnO2 exhibits a wrinkled structure compos-
ing of highly curved graphene filled in the interspaces of NPHPC, with
non-aggregated nanocrystals exposed on the outer surfaces (Fig. 3D
and E). TEM and HRTEM images further manifest that the SnO2

nanoparticles bound to NPHPC and NPHPC-G have a typical size of 3–

7 nm (Fig. 3G and F) and 4–5 nm (Fig. 3I and J), respectively. The
corresponding selected-area electron diffraction (SAED) patterns
(Fig. 3H and K) with a ring-like mode can be indexed to the tetragonal
rutile-type structure of SnO2 (JCPDS No. 41–1445), in accordance with
the XRD results (Fig. S8). Raman spectrum of NPHPC@SnO2 hybrid
(Fig. S9) shows almost the same ID/IG value (1.01) compared with that
of NPHPC (1.00), and no relative shifts of D and G bands are observed,
indicative of no structural change after SnO2 nanoparticles deposition.
However, in the case of NPHPC-G@SnO2, markedly sharper D and G
Raman features with larger ID/IG value (1.03) are noted, attributable to
the additionally introduced graphene with high reduction degree [36].
To quantify the composition of the hybrids, TGA was conducted in air
over a temperature ranging from room temperature to 800 °C (Fig.
S10). The weight content of carbon is calculated to be 25.5% for
NPHPC@SnO2 and 31.1% for NPHPC-G@SnO2. N2 sorption measure-
ments (Fig. S11) illustrate type-IV isotherms with a small hysteresis
loop for both of the hybrids, belonging to the distinctive characteristics
of mesoporous materials [37]. The details of corresponding pore
structure parameters, including Brunauer-Emmett-Teller surface area,
total pore volume, and average pore diameter, are summarized in Table
S1. It is noteworthy that porous structure is beneficial for loading active
nanoparticles and tolerating the associated volume changes during
cycling, facilitating electrolyte penetration, as well as favoring Li ions

Fig. 3. Schematic diagrams of fabrication and morphological characterizations of the NPHPC@SnO2 and NPHPC-G@SnO2. (A) Schematic of the synthetic process of NPHPC@SnO2

and NPHPC-G@SnO2 by hydrothermal reaction. SEM images of NPHPC@SnO2 (B and C) and NPHPC-G@SnO2 (D and E) nanostructures with different magnifications. (F) TEM image
of NPHPC@SnO2. Inset: the corresponding TEM image with higher-magnification. (G) HRTEM image of NPHPC@SnO2. (H) SAED pattern of NPHPC@SnO2. (I) TEM image of
NPHPC-G@SnO2. Inset: the corresponding TEM image with higher-magnification. (J) HRTEM image of NPHPC-G@SnO2. (K) SAED pattern of NPHPC-G@SnO2. The lattice spacing of
0.33 and 0.26 nm in the HRTEM images (G and J) corresponds to the (110) and (101) planes of rutile SnO2, respectively. Indexing of the rings in SAED patterns (H and K), from inner to
outer ring, could be successively indexed to the (110), (101), (211), and (301) planes of rutile SnO2.
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diffusion, and therefore the hybrids are expected to show long-term
cycling behavior for LIBs.

Fig. 4A depicts the CV characteristics for the NPHPC@SnO2 and
NPHPC-G@SnO2 electrodes. The predominant cathodic peak at
~0.87 V in the initial scan corresponds to SEI formation on the
electrode and the conversion of SnO2 to Sn [26,38]. This peak is
substituted by a newly emerged one at ~0.92 V in the following scans,
which can be exclusively ascribed to the conversion reaction of SnO2

[39]. Another cathodic peak at ~0.08 V is assigned to the alloying
reaction of Sn [40], yielding various LixSn alloys. Accordingly, the
anodic peaks at ~0.57 and ~1.29 V are sequentially attributed to LixSn
dealloying reaction and the conversion reaction of Sn to generate SnO2

[38,39]. In contrast to the partially overlapped CV curves of NPHPC@
SnO2, after the first cycle, the CV curves of NPHPC-G@SnO2 are
perfectly overlapped, documenting its better reversibility for electro-
chemical reactions. Moreover, the correlative plateau regions of the
electrodes could be identified from the charge-discharge profiles as well
(Fig. 4B). The initial coulombic efficiency of NPHPC-G@SnO2 electrode
is 59.7% (with a charge and discharge capacity of 1366 and 2289 mAh
g-1, respectively, at 200mA g-1), a bit larger than that of NPHPC@SnO2

(57.9%), evidencing the existence of graphene is beneficial for suppres-
sing the detrimental side reactions, for example, the irreversible

conversion reactions between SnO2 and Sn, and electrolyte decom-
position reactions. Electrochemical stability of the electrodes was
examined under galvanostatic cycling at a current density of
200mA g-1 (Fig. 4C). For NPHPC@SnO2 electrode, the initial rever-
sible capacity is 1209 mAh g-1, which stabilized at 937 mAh g-1 after
300 cycles with a coulombic efficiency of 99.4% (Fig. S12). Instead,
NPHPC-G@SnO2 exhibits much higher capacity throughout the entire
cycles, with a reversible capacity of up to 1117 mAh g-1 is retained after
300 cycles (99.6% coulombic efficiency), indicative of the combined
effects of NPHPC-G nanostructure in promoting the conversion reac-
tions between SnO2 and Sn. In addition, the rate performance of these
hybrids was evaluated under a series of current rates (Fig. 4D and Fig.
S13). As the current rate increased successively from 100, 200, 400,
800, 1600 and 3200mA g-1, the average reversible capacity of NPHPC-
G@SnO2 is determined to be 1390, 1279, 1236, 1185, 1092 and 902
mAh g-1, respectively. Even under a high current rate of 6400mA g-1,
the electrode still shows steady-state capacity, capable of delivering an
average reversible capacity as high as 634 mAh g-1, 45.6% of that at
100mA g-1. These values are undeniably larger than those of NPHPC@
SnO2, which is the results of lower Li ion migration resistance and
charge transfer resistance in NPHPC-G@SnO2 electrode, as demon-
strated by EIS analysis (Fig. S14). Strikingly, upon switching the

Fig. 4. Electrochemical properties of the NPHPC@SnO2 and NPHPC-G@SnO2 composites. (A) CV profiles of the NPHPC@SnO2 and NPHPC-G@SnO2 electrodes at a scan rate of
0.5 mV s-1 in the potential window of 0.01–3.0 V (vs Li/Li+). The initial charge/discharge voltage profiles (B) and cycling performance (C) of NPHPC@SnO2 and NPHPC-G@SnO2

electrodes measured at 200mA g-1. (D) Rate capabilities of NPHPC@SnO2 and NPHPC-G@SnO2 electrodes under programmed current densities.
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current density back to 100mA g-1, the capacity was able to immedi-
ately revert to 1390 mAh g-1, fully recovering to the original value. Such
exceptional electrochemical behaviors are superior to the recently
reported SnO2-based anodes that summarized in Table S2.

The above distinguished electrochemical properties in NPHPC-G@
Sn and NPHPC-G@SnO2 hybrids are attributed to their unique
nanoscale complex architectures. First, the small-sized Sn-based
nanoparticles (< 10 nm) provide numerous active sites for Li storage
without causing any severe deterioration of the electrode because of the
nanometer size effects, that is, small mechanical stresses/strains
during electrochemical reactions and considerably decreased solid-
state diffusion length for Li ions. Meanwhile, these nanosized particles
anchored tightly on the carbon matrix are helpful for restricting the
movement of Sn, and therefore restrains the generation of bulk Sn
clusters during alloying/dealloying processes, if any, they are still
trapped within the interconnected porous network of the carbon
matrix, maintaining good electrical contact. Second, the robust and
conductive carbon framework not only ensures fast and efficient
electron transport, but also is beneficial to retain the structural
integrity of the composite electrode throughout cycling. Moreover,
the porous nature of the composites allows for high accessibility to
electrolyte and fast Li ions transport, and more importantly, capable of
effectively accommodating the volume variations of the Sn-based

nanoparticles. Third, the amazing structure of NPHPC contributes
significantly to the eventual high capacity of the hybrids (Fig. S15),
while the integrated graphene sheets are favorable for better confining
the Sn-based nanoparticles and simultaneously afford fast electroche-
mical reaction kinetics of Li ions and electrons.

2.3. In situ TEM and ex situ SEM studies

To directly visualize electrochemical-reaction-induced microstruc-
tural changes and understand the lithiation/delithiation mechanisms
of the composites, we have successfully constructed a series of
nanobatteries inside the TEM (details are given in the Experimental
section) [41]. Fig. 5A-C and Movie S1 show the real-time observation of
the first lithiation/delithiation processes in NPHPC-G@Sn composite
upon applying a bias of 3.0 V. As shown in Movie S1, the size of the Sn
nanoparticles increases with the lithiation proceeded, leading to a
volume expansion of about 190% in the lithiated bulk structures
(Fig. 5B). Correspondingly, the SAED changes from characteristic
spots of single crystalline β-Sn phase to ring patterns of Li13Sn5
nanocrystallines dispersed in the Li2O matrix (Insets of Fig. 5A and
B). The Li2O nanoparticles are originated from Li reaction with the
oxygen-containing groups in NPHPC-G, as detected by the previous CV
curves (Fig. 2A). Immediately after reversing the bias, Li starts to

Fig. 5. In situ TEM studies of structural evolution of NPHPC-G@Sn and NPHPC-G@SnO2 during lithiation/delithiation processes. (A) TEM image of NPHPC-G@Sn before
electrochemical cycling (initial). The corresponding SAED pattern displays spotty rings characteristic, representative of β-Sn phase. (B) TEM image of the lithiated NPHPC-G@Sn,
showing ~190% volume expansion. The SAED shows superimposed diffraction rings, corresponding to Li13Sn5 nanocrystallines (orange indices) within the Li2O matrix (white indices).
(C) TEM image of the delithiated NPHPC-G@Sn featuring the maintenance of the overall morphology of NPHPC-G@Sn as its initial stage. The SAED rings can be indexed as β-Sn
(orange indices) and irreversible Li2O (white indices), indicative of the Li13Sn5 alloy was converted back to Sn. TEM images of NPHPC-G@SnO2 before cycling (D), after lithiation (E),
and after delithiation (F), revealing good structural integrity of NPHPC-G@SnO2 during electrochemical reactions. The SAED of pristine NPHPC-G@SnO2 is indexed as rutile SnO2

(inset of D). Following the conversion and then alloying processes, Li13Sn5 (orange indices) and Li2O nanocrystallines (white indices) are presented after lithiation (inset of E). In the
subsequent delithiation, the SAED (inset of F) shows ring patterns stemming from dealloying reaction produced β-Sn (orange indices) and the irreversible Li2O (white indices), matching
well with previous works [10,43,44].
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extract from the composite, and accordingly the monoliths contract
until the nanoparticles are distinctly detected. The SAED of the fully
delithiated sample (Inset of Fig. 5C) reveals the conversion of Li13Sn5
alloy back to pure Sn accompanied by some incompletely extracted
Li2O nanocrystallines in the hybrid. In the subsequent repetitive cycles,
the Sn nanoparticles can still reversibly react with Li indicated by the
size variations during lithiation and delithiation processes. Notably, the
overall structure of the composite is preserved as shown in Fig. S16A
and S16B. These results not only suggest the structural uniqueness of
our NPHPC-G@Sn composite but also prove the robust mechanical
stability of the NPHPC-G matrix in accommodating the volume
changes of Sn nanoparticles during electrochemical reactions. Similar
phenomenon was also observed in the case of NPHPC-G@SnO2, where
Li ions reversibly inserted in and extracted from the composite while
the composite maintains its overall morphology (Fig. 5D-F, Fig. S16C
and S16D). The details of in situ TEM study illustrating electrochemi-
cal behaviors of NPHPC-G@Sn and NPHPC-G@SnO2 are shown in
Movie S1 and S2, respectively. Based on the results, we note that
although the Sn-based nanoparticles exhibit large volume changes,
they remain firmly anchored on the NPHPC-G matrix and do not show
visible aggregations. This ensures good electrical connection and
mechanical stability during cycling. The excellent electrode integration
is believed to be responsible for the long-term cyclic performance with
minimal capacity decay of the NPHPC-G@Sn and NPHPC-G@SnO2

electrodes.
Supplementary material related to this article can be found online

at http://dx.doi.org/10.1016/j.ensm.2018.02.008.
In addition to in situ TEM, we also performed ex situ SEM

investigations on the cycled hybrid anodes to understand the structural
features of the composites. As shown in Fig. S17, a uniform and
compact SEI layer was discovered on the surface of both electrodes
after 100 cycles, which can prohibit further electrolyte decomposition,
and is also critical for achieving long-term cyclability. Meanwhile, the
cycled electrodes display good structural integrity without cleavages,
and no detectable structural collapse or damage of the hybrids is
observed (Insets of Fig. S17), indicative of effectively accommodating
the volume changes of Sn-based nanoparticles within the carbon
matrices. Scanning transmission electron microscopy (STEM) images
and the corresponding energy-dispersive X-ray spectroscopy (EDS)
mapping (Fig. S18) further disclose that the integrated frameworks
with homogeneously distributed Sn-based nanoparticles are well
maintained after cycling, demonstrating the successful suppression of
nanoparticles aggregation during electrochemical processes, consistent
with the in situ TEM results (Fig. 5). Accordingly, even if any bulk Sn
clusters are generated upon prolonged cycles, they will be still confined
in the porous carbon networks whilst preserving good electrical contact
with the electrode components, thus enabling long-cyclic performance.

Prototype full-cell devices comprising a commercial lithium iron
phosphate (LFP) cathode (detailed information is given in Fig. S19) and
the Sn-based hybrid anodes were built to appraise the potential viability of
the composites. The voltage profiles of the fabricated NPHPC-G@Sn/LFP
and NPHPC-G@SnO2/LFP full-cells both show combined characteristics
of the flat-shaped LFP cathode and the sloppy-shaped hybrid anodes with
an average voltage of ~2.2 V, and in the meantime the reversible capacity
is determined to be 72 mAh g-1 for NPHPC-G@Sn/LFP and 78 mAh g-1

for NPHPC-G@SnO2/LFP at a current rate of 1 C (170mA g-1 vs LFP, Fig.
S20). Excitingly, two tandem cells based on NPHPC-G@Sn/LFP and
NPHPC-G@SnO2/LFP in series, after being cycled 10 times at a C/20
rate, have been successfully used to power 20 parallel-connected red light-
emitting diodes (LED) for more than 1 h (Fig. S21), highlighting the great
potential of our NPHPC-G@Sn and NPHPC-G@SnO2 composites for
advanced battery applications. We note that although the cycling stability
of the cells is now not satisfactory due to the low initial coulombic
efficiency the composites, this can be potentially improved by refining the
skill for full-cell fabrication and employing prelithiation technique, which
have been marked as important aspects for our future studies.

3. Conclusions

In summary, we have successfully demonstrated high-performance
anodes composed of sub-10 nm Sn-based nanoparticles (i.e., Sn and
SnO2) embedded in functionalized carbon frameworks (i.e., NPHPC
and NPHPC-G) for LIBs. Particularly, the NPHPC-G@Sn and NPHPC-
G@SnO2 hybrids with additionally introduced graphene possess fast
kinetics of electrochemical reactions, consequently affording long-
cyclic performance (> 300 cycles without significant capacity decay)
and superior rate capability. In situ TEM and ex situ SEM studies were
carried out to elucidate structural features of the composites upon
electrochemical reactions, both of which disclose that the integrated
carbon network can effectively buffer the mechanical stress stems from
the volume variations of Sn-based nanoparticles, and hence leading to
stable electrochemical cycling. Our protocols for the synthesis of
carbon/Sn hybrids are scalable and compatible with the industrial
manufacturing technology, which will potentially allow for large-scale
production towards practical applications, not only in LIBs but also the
emerging sodium-ion batteries and other energy fields. Importantly,
the techniques would be generally applicable to other alloy-type
materials, such as Sb and Ge, which also encounters huge-volume-
changes-induced capacity fading.

4. Experimental section

4.1. Fabrication of NPHPC@Sn and NPHPC-G@Sn

The NPHPC@Sn was prepared by in situ carbonization of Sn2+

absorbed MPP. In a typical synthesis, 7 g MPP was dispersed in 400mL
deioned water by sonication for 30min under constant mechanical
stirring. Subsequently, 100mg of SnCl2·2H2O was dissolved into the
suspension with vigorous magnetic stirring for 3 h. The resulting
mixture was filtered through a cellulose acetate membrane filter (pore:
0.22 μm, diameter: 50mm) and dried overnight in an electric oven at
80 °C. Finally, the precursor was pyrolyzed at 900 °C for 2 h in argon
atmosphere with a heating rate of 5 °Cmin-1 and a gas flow rate of 100
sccm. The NPHPC-G@Sn was prepared in the same way except that
7mL of 5mgmL-1 GO aqueous solution was dropwise added into the
mixture after SnCl2·2H2O was dissolved into the MPP suspension for
2 h.

4.2. Fabrication of NPHPC@SnO2 and NPHPC-G@SnO2

The NPHPC was prepared following the same procedure reported in
our previous work [27,42]. Then NPHPC aqueous dispersion, compos-
ing of 25mg NPHPC and 3mg sodium dodecyl sulfate in 70mL
deioned water, was prepared by sonication for 10min. Subsequently,
113mg of SnCl2·2H2O was added into the dispersion with continuous
magnetic stirring for 5min. The resulting mixture was sealed in a
80mL Teflon autoclave for hydrothermal reaction at 180 °C for 12 h.
Finally, the NPHPC@SnO2 precipitate was collected by filtration and
repeatedly washed with deioned water prior to be dried in an electric
oven at 80 °C. The NPHPC-G@SnO2 was prepared following the same
procedure except an extra adding of 10mg GO in the aforementioned
NPHPC aqueous dispersion.

4.3. Characterization

Powder XRD patterns were taken using a Bruker D8 Advance
diffractometer with Cu Kα radiation (λ = 1.54056 Å). Py-GC/MS was
carried out on NETZSCH thermal analysis instrument (STA 449 F3
Jupiter®) coupled with QMS 403 D Aëolos® gas analysis system. Flash
pyrolysis was conducted at 700 °C for 30 s. GC oven conditions were
programmed at 50 °C for 5min, increased to 270 °C with a ramping
rate of 15 °Cmin-1, and isothermal for 8min. The carrier gas (helium,
purity 99.999%) was in a constant flow mode of 20mLmin-1. MS was
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performed from m/z 30 to m/z 400 with a scan time of 0.2 s, and the
MS transfer line temperature was 270 °C. X-ray photoelectron spectro-
scopy (XPS) was characterized using an ESCALAB MK II instrument
with Al Kα radiation. SEM images were performed on a JEOL JSM-
6700F scanning electron microscope. TEM images were recorded on a
FEI Tecnai F20 transmission electron microscope operated at 200 kV.
N2 adsorption and desorption analysis was acquired on a Micromeritics
ASAP 2020 instrument at 77 K. Raman spectra were conducted on a
WITec Alpha300 Series confocal Raman system with Nd:YAG laser.
TGA was measured on a DTG 60H analyzer in air atmosphere. STEM
and elemental mapping images were performed on a Zeiss Auriga Dual-
Beam FIB/SEM coupled with EDS.

In situ lithiation/delithiation observations were carried out inside
an aberration-corrected STEM (JEOL JEM-ARM200CF) using sample
loaded Au rod as the cathode, Li2O coated Li metal as the solid
electrolyte, and Li metal as the anode. After touching the anode with
the cathode, lithiation and delithiation of the working electrode could
be triggered by applying −3 and 3 V biases, respectively. The steps of
electrochemical reactions can be controlled by retracting the Li anode
and electrolyte. For ex situ SEM measurements, all the coin cells with
fully charged state were disassembled inside a MBRAUN glovebox
(H2O and O2 < 0.1 ppm) filled with pure argon gas (purity 99.999%).
The obtained working electrodes were washed thoroughly by dimethyl
carbonate (anhydrous, Sigma-Aldrich), dried in the glovebox and then
transferred out for SEM characterization.

4.4. Electrochemical measurements

Electrochemical measurements were conducted on CHI 760D
electrochemical workstation and NEWARE battery analyzer. CR2032
coin cells were used to investigate the Li storage properties of the
materials using lithium foil as the counter electrode, Celgard® 2400
polypropylene member as the separator and 1M LiPF6 in a mixed
solvent (V(ethylene carbonate):V(ethyl methyl carbonate):V(dimethyl carbonate) =
1:1:1) as the electrolyte. The preparation of working electrodes first
involves the dispersion of active material, acetylene black and poly-
vinylidene fluoride (PVDF) in a weight ratio of 8:1:1 into N-methyl-2-
pyrrolidinone solvent to form a slurry, and subsequently spread on a
copper foil. After vacuum drying at 100 °C, the electrodes were
punched out by a punching machine and weighed on a highly accurate
electronic balance (0.01mg readability). The active material loaded on
one single electrode is ~1mg cm-2 (1.2 cm in diameter), and the
electrochemical data (e.g., current densities and specific capacities)
were calculated based on the total mass of the composites. All cells
were assembled in the glovebox and then aged for 12 h prior to
electrochemical studies.

The full cells were designed with a negative (anode) to positive
(cathode) capacity ratio of ~1.0. The LFP cathode electrode was
prepared by casting the slurry comprising 80 wt% LFP, 10 wt%
acetylene black and 10 wt% PVDF on an aluminum current collector.
The electrode was dried in vacuum at 100 oC overnight, and the mass
loading was typically ~3–4mg cm-2. All the cells were assembled under
the same conditions of the half-cell mentioned above. Electrochemical
tests were performed in the voltage window between 0.9 and 3.9 V, and
the specific capacities were calculated referring to the mass of LFP
cathode.
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