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ABSTRACT: Biotemplating is an effective strategy to obtain
morphology-controllable materials with structural specificity,
complexity, and corresponding unique functions. Different
from traditional biotemplating strategies replicating the
morphology and using biogenic elements of biomaterials
(e.g., C, Si, N, Fe, P, S), we take advantage of the unique
heavy-metal-ion biosorption behavior of microalgae to fabricate
tin-decorated carbon (Sn@C) anode materials for lithium-ion
batteries. Microalgae Spirulina platensis is used as the
biotemplate, the renewable carbon source, and the biosorbent.
After a facile one-step heat treatment, Sn@C with tin particles
(20−30 nm) dispersing into the porous carbon matrix can be
obtained. Fourier transform infrared spectra reveal that metal-ion biosorption results from the complexation reactions between
Sn4+ ions and the hydroxyl groups associated with alginate. The Sn@C anode shows a discharge capacity of 520 mAh g−1 after
100 cycles, as well as excellent cycle stability and high coulombic efficiency (approximately 100%), exhibiting fascinating
electrochemical performance. This facile, green, and economical strategy not only will extend the scope of biotemplating
synthesis of functional materials but also will provide reference for environmental protection and water purification.
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■ INTRODUCTION

The need for renewable, sustainable energy, along with the
aspiration to lower greenhouse gas emissions and decrease our
dependency on fossil fuels, has driven interest and research
toward the development of rechargeable lithium-ion batteries
(LIBs) with high storage capacity and cycling stability.1−8 As
the anode material for LIBs, metallic tin has emerged as a topic
of growing interest in the energy field because of its special
advantages. First, its theoretical capacity (993 mAh g−1 or 7313
mAh cm−3) based on one tin atom can maximally react with 4.4
lithium atoms to form a Li4.4Sn alloy is significantly higher than
that of commercial graphite (LiC6, 372 mAh g−1 or 833 mAh
cm−3).3,4,9−17 Crystallographic studies suggested that the
realistic form of this end phase could be Li17Sn4 (thus, 4.25
lithium per tin). Therefore, its maximum gravimetric capacity
could be 959.5 mAh g−1, which is still much higher than that of
most common graphite anodes.18,19 Second, the tin anode has
higher operating voltage than graphite; thus, it is less reactive
and has high safety ratings during repeated charge/discharge
cycles.9 Third, an important advantage of metallic tin over
graphite is that it does not suffer from solvent intercalation,
which causes irreversible charge losses.9,20 However, the large
amount of lithium insertion/extraction causes a severe volume
change (300%), which leads to pulverization of tin particles and
a loss of contact with the current collector, resulting in a rapid
capacity decay.2,13,15,21

To tackle this problem, much effort has been devoted to
optimizing the morphology, composition, structure, conductiv-
ity, and surface chemistry of tin anode materials for high-
performance LIBs. The most effective methods include (a)
reducing the tin particle size to nanoscale to efficiently alleviate
the absolute strain induced by the large volume change during
charge/discharge processes and moderate particle pulveriza-
tion,2 (b) introducing a lithium-inactive element (M) to the
metallic tin phase to form a SnM-type electrode, in which the
inactive M formed during lithiation/delithiation can buffer the
volume expansion of the tin phase,22 (c) uniformly dispersing
tin particles into a conductive carbon matrix to confine volume
change and maintain the mechanical integrity of the composite
electrode.2,5 Obviously, fabricating the Sn/C composite is an
effective and ideal strategy to improving the electrochemical
performance of tin anodes. To date, the approach to fabricating
the Sn/C composite can be generally divided into four aspects:
(a) chemical reduction;23−25 (b) chemical vapor deposi-
tion;26−30 (c) pyrolysis;5,31−33 (d) template techniques.14,26

Compared with the above methods, the biotemplating
technique is an impressive strategy to achieving morphology-
controllable materials with structural specialty, complexity, and
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relevant fascinating functions derived from biomaterials.34

Many state-of-art microstructures have been well-established
using a wide range of biotemplates with multiscale structures
and novel morphologies, which can enhance the performance
of the objected materials. Recently, our group demonstrated
that the rational utilization of the biotemplating strategy can
realize advanced functional materials including phosphates,
oxides, and carbides by using a variety of biotemplates, such as
bamboo,35−37 pollen grains,38 cotton fibers,39 microalgae,40,41

etc. However, these conventional biotemplating methods focus
only on the replicating of the morphology and using biogenic
elements of biomaterials (e.g., C, Si, N, Fe, P, S), and the
biofunctionality of the biological systems was seriously
neglected. For example, microalgae, consisting of a high
amount of protein, polysaccharide (alginate, etc.), and other
lipids, possess a variety of functional groups that can absorb and
uptake heavy-metal ions.
Herein, we take advantage of the unique biosorption

behavior of microalgae to fabricate Sn@C anode materials
using Spirulina platensis as the biotemplate, the biosorbent, and
the renewable carbon source. The obtained Sn@C composite,
in which tin nanoparticles (20−30 nm in diameter) were
uniformly embedded in the porous carbon matrix, exhibited
excellent cycling stability and rate performance in LIBs. It is
believed that this green, facile, and convenient biotemplate
method will open up new routes toward synthesizing other new
advanced functional materials.

■ EXPERIMENTAL SECTION
Materials Synthesis. All chemicals were of analytical grade and

were used as received without further purification. The Sn@C
composite with tin particles inserted in the porous carbon matrix was
fabricated via a facile biosorption and subsequent calcination
procedure. To start with, 0.315 g of SnCl4·5H2O was dissolved in
absolute ethanol to form a 0.4 M precursor solution. Meanwhile, S.
platensis was washed several times by formaldehyde and deionized
water (1:1 by volume) to remove unwanted materials. Then S. platensis
was added to the above precursor solution. After 1 h at room
temperature, the mixture was filtered, dried at 80 °C, and then
immersed in 10 wt % polystyrene (PS) dissolved in dimethylforma-
mide. Finally, the sample was calcined in a tube furnace at 600 °C for 3
h under a flowing nitrogen atmosphere to obtain black resulting
materials (noted as sample A3). For comparison, the pristine S.
platensis (A1) and tin-metal-ion-adsorbed S. platensis without a PS
coating film (A2) were calcined at the same conditions to obtain the
control samples. These final products were ground to fine powders
and used as anode materials in LIBs.
Characterization. X-ray diffraction (XRD) of the samples was

conducted by an X’Pert Pro diffractometer using Cu Kα radiation (λ =
0.15418 nm). The morphology of the samples was characterized by
scanning electron microscopy (SEM; Hitachi S4700) and transmission
electron microscopy (TEM; FEI Tecnai G2 F30). Fourier transform
infrared radiation (FT-IR) was performed in air using the KBr pellet
method by a infrared spectrophotometer (Nicolet 6700). Thermog-
ravimetric analysis (TGA) was evaluated in an air atmosphere by using
a thermogravimetric analyzer (Mettler Toledo) operated at a heating
rate of 10 °C min−1 from room temperature to 700 °C. The Raman
spectrum was performed on a Renishaw InVia Raman spectrometer
under a backscattering geometry (λ = 532 nm). Nitrogen adsorption−
desorption was determined by Brunauer−Emmett−Teller (BET) tests
using an ASAP 2020 instrument (Micromeritics Instruments). The
KBr pellet method was used to prepare the sample for FT-IR analysis.
For TEM measurement after cycling, the cell charged to 2.7 V after
100 cycles was disassembled with pliers. The working electrode was
immersed in absolute alcohol with ultrasonication. Then the solution
was washed several times by absolute alcohol. After being dried at

room temperature, the final black powders were used for TEM
observation.

Electrochemical Measurements. Electrochemical characteriza-
tion of the Sn@C composite was carried out with the CR2025 coin-
type cell using lithium foil as the counter electrode. The testing
electrode was fabricated by mixing active materials, conductivity agent
(Super P), and poly(vinylidene fluoride) binder at a weight ratio of
70:15:15 in a N-methyl-2-pyrrolidene solvent. After the testing
electrodes were dried at 80 °C under vacuum overnight, the coin
cells were assembled inside an argon-filled glovebox. The electrolyte
was 1 M LiPF6 in ethylene carbonate−dimethyl carbonate (1:1 by
volume), and the separator was a polypropylene membrane. The
galvanostatical charge (Li+ extraction) and discharge (Li+ insertion)
were conducted in the voltage range of 0.005−2.7 V versus Li/Li+ at
different current densities using a Battery Testing System at ambient
temperature (Shenzhen Neware Battery, China). Cyclic voltammetry
(CV) curves were measured at a scanning rate of 0.1 mV s−1 within the
potential range of 0.005−2.7 V versus Li/Li+ using a CHI660D
electrochemistry working station (Shanghai Chenhua, China).

■ RESULTS AND DISCUSSION
The main process of fabricating the Sn@C composite is shown
schematically in Figure 1. First, S. platensis is immersed in the

tin precursor to finish the biosorption procedure. In order to
ensure that tin particles could be strongly anchored to the
carbon matrix, the PS film is coated onto the surface of S.
platensis after biosorption. During subsequent heat treatment,
the carbonaceous compounds in S. platensis and PS decompose
to carbon, as well as form a series of gaseous products (such as
CO, H2, CH4, and C2H4)

42 to act as a reducing atmosphere,
which can transform SnO2 to tin. Finally, these tin nanocrystals
are successfully dispersed into carbonaceous matrixes and
constitute the Sn@C composite.
It is well-known that many algaes can capture and adsorb

heavy-metal ions, which show fascinating potential applications
in environmental protection and water purification.43−45

However, there is some debate about the detailed biosorption
mechanisms. Fourest and Volesky demonstrated that carboxyl
groups of alginate play a major role in the complexation of
heavy metals (Cd and Pb) by dead biomass of the brown
seaweed Sargassum f luitans.46 An ion-exchange biosorption
mechanism was also suggested by Schiewer and Volesky.47

Arief et al. highlighted the fact that carboxyl, hydroxyl, and
amide groups are all engaged in the adsorption of metals using
FT-IR analysis.48 In our case, FT-IR was performed to
investigate the biosorption mechanisms of S. platensis. The
FT-IR transmission spectra before and after biosorption of Sn4+

ions onto S. platensis are shown in Figure 2. From the curve of
pristine algae before adsorption, the major intense bands are
around 3421, 2925, 2851, 2362, 1652, 1542, 1244, 1029, and
668 cm−1. The O−H bond stretching can be observed centered

Figure 1. Schematic illustration of the preparation process of the Sn@
C composite.
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at 3421 cm−1.49 The peaks in the region of 3000−2850 cm−1

are assigned to the aliphatic C−H stretching vibrations of
−CH, −CH2, and −CH3. The scissor bending of NH2 groups
can be detected at 2362 and 1652 cm−1. CC stretching at
1542 cm−1 can be observed. The bands at 1029 cm‑1 can be

attributed to C−N stretching of proteins.50 The FT-IR
spectrum of S. platensis exposed to SnIV ions displays no shift
or change in most of the characteristic absorbance bands with
the exception of a strong peak shift at 3291 and 1046 cm−1,
indicating that both the hydroxyl groups of the alginate and the
C−N stretching of proteins play key roles in the biosorption
process. On the basis of our experimental results, the
biomolecular structures of alginate before and after adsorption
(the inset in Figure 2b,c) are depicted to explain complexation
between the hydroxyl groups and tin metal ions.
The corresponding SEM images of the precursors were taken

to show the surface morphology. Figure 2b displays the SEM
image of algae before adsorption, showing a diameter ranging
from 5 to 8 μm. As shown in Figure 2c, the morphologies of
tin-metal-ion-absorbed S. platensis are well maintained.
However, S. platensis after Sn4+ adsorption displays a coarse
surface and a larger size than that of the pristine sample. Similar
results have been reported by Arief et al. They found that the
algae cell surface was different and became wrinkled after
adsorption of Cr3+, indicating that the primary CrIII

sequestering sites were on the cell wall surface instead of the
intracellular sites.48 This phenomenon gives direct evidence of
the biosorption behavior. Compared with Figure 2c, there was
no obvious change in the diameter and the morphology of
adsorbed S. platensis after PS coating (Figure 2d), indicating
that the thin PS layer has been coated on the surface of algae
uniformly.

Figure 2. (a) FT-IR spectra of before and after adsorption. (b) SEM
image of live S. platensis. (c) SEM image of Sn4+-ion-adsorbed S.
platensis. (d) SEM image of adsorbed S. platensis with a PS coating
layer. The inset images in parts b and c are biomolecular structures of
alginate before and after adsorption, respectively.

Figure 3. (a) XRD patterns of the as-prepared samples. (b) TGA curve of sample A3. (c) Raman spectrum of the as-prepared samples. (d) TEM
image of sample A3. (e) HRTEM image of sample A3 and the corresponding FFT image (inset). (f) STEM image of sample A3 and the
corresponding elemental mappings of tin (g) and carbon (h), respectively.
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Figure 3a represents the XRD patterns of the as-prepared
samples. Only one broad peak centered at 25° was observed in
sample A1, which was indicative of amorphous carbon. For
samples A2 and A3, all of the intense peaks can be matched
well with pure tin (JCPDS card no. 65-0296). According to the
Scherrer formula (D = kλ/β cos θ), it is a fact that the larger the
full width at half-maximum (β), the smaller the particle size
(D). The particle size of sample A3 is smaller than that of
sample A2 by comparing the β values of samples A2 and A3
from the XRD data. It can be explained that the PS film
wrapped on the surface prohibits tin particle growth during
pyrolysis.
TGA was carried out in air to quantify the carbon and tin

contents in the Sn@C composite (sample A3). As shown in
Figure 3b, the 7.5 wt % weight loss observed up to about 100
°C in the TGA curve is ascribed to dissipation of adsorbed
water and air. Subsequently, the strong weight loss of 68.34% in
the 100−700 °C range is a combination of the oxidation
reactions of carbon and tin. After the temperature rose to 700
°C, all carbon and tin particles in the Sn@C composite have
converted to CO2 and SnO2, respectively. According to the
TGA results, the tin content in the Sn@C composite is
calculated to be 26.5%, while it is 28.8% in sample A2 (Figure
S1 in the Supporting Information, SI). The tin content in the
Sn@C composite must be related to the biosorption capacity,
which is affected by many kinds of environmental conditions,
such as the solution concentration, pH value, and biological
species.49,50

Raman spectroscopy is a significant technique for character-
izing the quality of the carbon materials. In the Raman spectra
(Figure 3c), all samples exhibited two main peaks at around
1358 and 1588 cm−1, which can be assigned as the D peak for
the disordered structure of carbon and the G peak for the
graphite structure, respectively.51 For sample A3, the intensity
ratio of ID/IG is approximately 0.97, smaller than that of
samples A1 and A2 (about 1.0), illustrating a higher degree of
graphitization in sample A3. The result indicates that the PS
coating layer favors the formation of graphitized carbon during
the calcination process.

TEM examination was further performed to depict the
elaborate microstructure of the Sn@C sample (A3). TEM
(Figure 3d) and HRTEM (Figure 3e) images show that the
Sn@C composite are constructed from tin particles dispersing
in the porous carbon matrix, in which the tin particle size is
20−30 nm. The HRTEM image (Figure S2c in the SI) shows
that the carbon matrix is composed of partially graphitized and
amorphous components. Meanwhile, the obtained composite
was estimated to have a high specific surface area value (326.89
m2 g−1) by BET measurement (Table S2 in the SI), which is
consistent with the TEM images (Figure 3d) showing the
existence of pores. The distinct lattice stripes in the HRTEM
image (Figure 3e) and the corresponding fast Fourier transform
(FFT) image (inset in Figure 3e) reveal that the tin particles
are well-crystallized, and the distinct fringe space of about 0.27
nm can be indexed to (101) planes of tetragonal tin. Figure 3f
shows a scanning transmission electron microscopy (STEM)
image of a representative Sn@C sample. To further confirm the
dispersion of tin, elemental mapping was carried out over the
region in Figure 3f. The mapping of tin (Figure 3g) and carbon
(Figure 3h) corroborate the fact that tin is indeed dispersed
into the biological carbon host, which authentically confirms
the previous results of XRD and SEM.
Figure 4 shows the electrochemical performance of the as-

prepared samples as the anode materials of LIBs. All
electrochemical capacities have been calculated on the total
mass of the composites. Figure 4a displays CV curves of the
Sn@C sample (A3) in the voltage range of 0.005−2.7 V at a
scanning rate of 0.1 mV s−1. During the first cathodic sweep,
the peak at 0.32 V is obviously attributed to the formation of
LixSn alloys, and the series of peaks ranging from 0.5 to 1.7 V
are due to the complicated formation of a solid electrolyte
interface (SEI) layer on the surface of both tin nanoparticles
and the carbon matrix.3 In the subsequent sweeps, two
reduction peaks are observed at 0.30 and 0.49 V, which are
ascribed to lithium alloying with tin forming LixSn alloys, while
the oxidation peaks at 0.65 and 0.87 V are associated with the
reversible delithiation processes of lithium from different kinds
of LixSn alloys and the broad background is related to Li+

Figure 4. Electrochemical properties of the as-prepared samples. (a) CV curves of sample A3 scanned between 0.005 and 2.7 V at a rate of 0.1 mV
s−1. (b) Charge/discharge profiles of sample A3 at different cycles with a current densities of 50 mA g−1. (c) Cycling performance and Coulombic
efficiency of samples A1−A3 at a 50 mA g−1 current density. (d) Rate performance of samples A2 and A3.
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extraction from carbon shells. Furthermore, the absence of
reduction peaks at 1.05 or 1.55 V associated with catalytic
decomposition of the electrolyte implies that tin was
encapsulated in carbon matrixes.52,53 Furthermore, the two
oxidation peaks around 1.9 and 2.3 V must be attributed to the
impurity substances derived from the biotemplate itself because
S. platensis contains many mineral elements, such as iron (Fe),
magnesium (Mg), calcium (Ca), and so forth.40 The
galvanostatic charge/discharge profiles of sample A3 at a
current density of 50 mA g−1 are presented in Figure 4b. It is
clearly demonstrated that the first discharge and charge
capacities are 1087.6 and 579.6 mAh g−1 of the Sn@C
composite electrode (A3) with a low coulombic efficiency of
53.3%. Compared to the theoretical capacity of metal tin (992
mAh g−1), the extra discharge capacity of the Sn@C composite
is mainly attributed to decomposition of the electrolyte with
SEI formation. The initial discharge curve exhibits a long slope
from around 1.0 to 0 V accompanying two small plateaus
located at 0.6 and 0.32 V, which can be assigned to formation of
the SEI film and alloying of lithium with tin, respectively. The
discovery is basically consistent with the CV curves shown
above. Slow shrinkage of the charge/discharge curves after the
first cycle demonstrates good cycling stability.
The cycling performance of the Sn@C composite and

control samples at a current density of 50 mA g−1 is shown in
Figure 4c. Among the tested anodes, the A1 anode shows the
lowest capacity and decreases after 20 cycles, whereas the A3
anode exhibits the best electrochemical performance with
enhanced capacity retention. After 90 cycles, sample A3 can still
be stable at a capacity of 541 mAh g−1, while sample A2 can
only deliver a lithium capacity of 424 mAh g−1. For Sn@C
composites, the mass loading of electrode materials is about 1
mg cm−2 for the 20-μm-thick electrode, so the corresponding
volumetric capacity of sample A3 is calculated to be ∼270 mAh
cm−3 (see the SI for calculation details).54 In addition to the
first cycle, there is no serious capacity fading along with about
100 % efficiency, suggesting that the special nanostructure in
the Sn@C (sample A3) composite can effectively encapsulate
the metallic tin during repeated cycling, which ensures the
excellent cyclic performance.
Figure 4d presents a comparison of the electrochemical

performance between the A2 and A3 anodes at different current
rates. The specific reversible capacity of the sample falls
moderately with increasing current density. The Sn@C sample
(A3) at different rates is superior to its counterpart (A2) in
both the discharge capacity and cycling stability. At a high
current density of 2A g−1, sample A3 exhibits a stable discharge
capacity of 155 mAh g−1, while sample A2 decreases rapidly to
70 mAh g−1. By returning to the initial 50 mA g−1 regime, both
electrodes can even surpass the initial capacity, exhibiting
satisfactory reversibility.
The microstructure evolution of the Sn@C composite after

100 charge/discharge cycles was investigated by TEM (Figure
5) to expound the excellent electrochemical performances. In
contrast to the morphology of the fresh Sn@C composite
anode in Figure 1b,c, no obvious morphology change was
observed (Figure 5a). The cycled Sn@C sample keeps the
original flake structure. However, the HRTEM image (Figure
5b) reveals that the diameter of the cycled tin particles is about
5 nm, which is much smaller than that of the pristine tin
particles in the Sn@C composite. This phenomenon can be
ascribed to pulverization of metallic tin and the buffering effect
of the carbon matrix.55 During the Li+ insertion and extraction

process, tin particles were expanded and pulverized repeatedly.
Meanwhile, the rigid and elastic carbon matrix could
compensate for expansion and prevent the structure from
serious pulverization. Although the tin particles are gradually
pulverized into smaller particles, the active materials are still
anchored in the carbon matrix and retain good contact with the
current collector, which results in the higher capacity and
excellent cycling performance.

■ CONCLUSIONS
In summary, the Sn@C composite has been successfully
synthesized through a facile and cost-effective biotemplating
strategy exploiting the unique metal-ion biosorption behavior of
microalgae, which is distinct from conventional biotemplate
methods. Easily-reached, carbon-rich, and environmentally
friendly S. platensis plays triple roles as the biotemplate, the
biosorbent, and the carbon source in this technique. The tin
particles with diameter of 20−30 nm are completely embedded
in the porous carbon matrix of the Sn@C composite. FT-IR
analysis illustrates that both the hydroxyl group of the alginate
and the C−N stretching of proteins engage in the biosorption
mechanisms of tin metal ions. Electrochemical measurements
demonstrate that the Sn@C electrode has remarkable cycle
stability and excellent cycling performance, which show a high
potential for the anode material for LIBs. Furthermore, we
believe that our green and facile strategy will not only extend
the scope of the biotemplating synthesis of advanced functional
materials but also provide an important reference for
environmental protection and water purification.
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Figure 5. (a) TEM and (b) HRTEM images of the Sn@C composite
charged to 2.7 V after 100 cycles at a 50 mA g−1 current density. Parts
c and d are the amplified images of parts 1 and 2 in part b.
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