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ABSTRACT:  

High volumetric energy density secondary batteries are important for many applications, which has 

led to considerable efforts to replace the low volumetric capacity graphite-based anode common to 

most Li-ion batteries with a higher energy density anode. Because most high capacity anode 

materials expand significantly during charging, such anodes must contain sufficient porosity in the 

discharged state to enable the expansion, yet not excess porosity, which lowers the overall energy 

density. Here, we present a high volumetric capacity anode consisting of a three-dimensional (3D) 

nanocomposite formed in only a few steps which includes both a 3D structured Sn scaffold and a 

hollow Sn sphere within each cavity where all the free Sn surfaces are coated with carbon. The 

anode exhibits a high volumetric capacity of ~1700 mAh cm‒3 over 200 cycles at 0.5C, and a 

capacity greater than 1200 mAh cm‒3 at 10C. Importantly, the anode can even be formed into a 

commercially relevant ~100 µm-thick form. When assembled into a full cell the anode shows a 

good compatibility with a commercial LiMn2O4 cathode. In-situ TEM observations confirm the 

electrode design accommodates the necessary volume expansion during lithiation.  
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Secondary batteries have received broad attention due to their applications in fields ranging from 

portable electronic devices to electric vehicles.1‒5 For many applications, where space is often 

limited, the volumetric energy density is particularly significant, which has led to interest in anode 

materials other than carbon. Graphite-based anodes have a rather low volumetric capacity 

(theoretical 818 mAh cm‒3, and practical ~550 mAh cm‒3),6,7 relative to a material such as tin, 

which on an alloying/de-alloying mechanism basis, possesses a theoretical volumetric capacity of 

2017 mAh cm‒3 (Li4.4Sn lithiated volume basis).8 In addition, the tin lithiation potential is slightly 

higher than graphite (~0.5 V vs. Li/Li+),9,10 reducing the potential risk of Li-plating during 

charging.11 However, the large volume expansion (~260%) and the resulting cracking and 

pulverization of tin during charge-discharge cycling commonly results in a rapid capacity fade.12,13  

To accommodate the volume change of high capacity materials such as tin during cycling, both 

active material nanostructuring and electrode mesostructuring have been considered. Previous 

reports from us14‒17 and others18‒21 on three-dimensional (3D) porous secondary battery electrodes 

show some performance advantages through electrode mesostructuring, however, the active 

material loading of the electrodes are generally low, resulting in a lower than desired full 

electrode-basis volumetric capacity. In the literature, it has been shown how encapsulating active 

materials inside shells may provide a path to improving the volumetric capacity of high-capacity 

materials that undergo significant volume changes.22,23 

Here, we present a high volumetric capacity anode consisting of a 3D Sn scaffold containing a Sn 

hollow sphere within each cavity where all the Sn surfaces are coated with carbon. Relative to a 

simple Sn foam structure, the addition of the Sn hollow spheres increases the active material 

loading, while the 3D structure allows the active material to change in volume during cycling 

without a change in the overall electrode dimensions. In a single infilling process, assuming an ideal 
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opal template, the theoretical maximum filing fraction before pinch-off is about 22%,24 and from 

our experience experimentally is often less, while via the two-layer approach presented here, the 

filling fraction is ~27% (higher infilling may be possible, but is not desirable, as it would result in 

closure of the pore network during lithiation-induced swelling of the active material). The carbon 

coating likely improves the stability of the solid electrolyte interphase (SEI) that forms during 

cycling. Figure 1 outlines the fabrication route. First, a SnO2 scaffold was fabricated by a two-step 

procedure starting from a 3D polystyrene (PS) structure. A SiO2 layer was coated onto the SnO2, 

followed by hydrothermal growth of SnO2 and SiO2 removal, resulting in SnO2 spheres caged 

within a SnO2 foam. Finally, following a carbon-coating treatment, the SnO2 was reduced to Sn 

metal, forming a 3D sphere-caged Sn/C composite anode which exhibits a volumetric capacity of 

~1700 mAh cm‒3 (over three times that of a carbon-based anode). 

 

 

Figure 1. Schematic illustration of the three-dimensionally structured Sn-based anode fabrication 

process. 
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Morphologies during the fabrication process are shown in Figure 2. Use of a slightly sintered 

PS structure (Supporting Information Figure S1) results in a more interconnected pore network 

after template removal (Figure 2a) (interconnect window between adjacent cavities is about 170 

nm). Low- and high-magnification scanning electron microscopy (SEM) images are shown in 

Supporting Information Figure S1c,d, and a 3D structure model is shown in Supporting 

Information Movie 1. The pores enable both the subsequent SiO2 coating and the second SnO2 

hydrothermal growth to proceed throughout the electrode. Figure 2b shows the SnO2 scaffold 

coated with a SiO2 layer. Hydrothermal growth was conducted to form the encaged SnO2 layer 

(Supporting Information Figure S1e,f). After SiO2 removal, carbon coating and SnO2 reduction, 

the 3D sphere-caged Sn/C nanocomposite anode shown in Figure 2c,d and Supporting 

Information Movie 2 was formed. 
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Figure 2. Morphology and structure during the anode fabrication. (a) SEM image of the SnO2 

scaffold after PS template removal. (b) SEM image of the SiO2-coated SnO2 inverse opal. (c) Top 

and (d) cross-sectional view SEM images of the Sn-based nanocomposite anode obtained by carbon 

coating followed by SnO2 reduction. (e) TEM and (f) HRTEM images of the final nanocomposite 

anode. The scale bar in the inset of (e) is 100 nm. 

 

In Figure 2c, a second layer of the Sn/C nanocomposite on the Sn/C scaffold can be observed. 

In the cross-sectional SEM (Figure 2d) and transmission electron microscopy (TEM) images 

(Figure 2e), a hollow sphere caged within each cavity of the scaffold, and a ~35 nm gap (volume 

previously occupied by the etched SiO2) can be observed. Low-magnification cross-sectional 

SEM images (Supporting Information Figure S1g,h) confirm uniform caging of spheres 

throughout the scaffold. In the high-resolution TEM (HRTEM) image (Figure 2f), lattice fringes 

with spacing of 0.29 nm can be assigned to the (200) plane of Sn. A ~3 nm thick carbon layer is 

also observed. Raman spectroscopy (Supporting Information Figure S2) confirms the amorphous 

nature of the carbon, and thermogravimetric analysis (TGA) (Supporting Information Figure S3) 

indicates an overall electrode carbon content of about 5%. X-ray diffraction (Supporting 

Information Figure S4) confirms the Sn is tetragonal phase (Joint Committee on Powder 

Diffraction Standards card # 86‒2264). 

Figure 3a shows cyclic voltammetry (CV) curves for the first five cycles of the nanocomposite 

anode. In the first cathodic scan, the peak at about 0.8 V is ascribed to the SEI formation.25 A 

series of reversible peaks between 0.7 and 0.3 V are attributed to the alloying of lithium-tin to 

form LixSn, while in the anodic scan the peaks between 0.5 and 0.8 V are assigned to the 

dealloying process,26,27 as presented by SnLixexLiSn x↔++ −+ .28 The peaks around 0.5 V in 
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the cathodic scan and 1.3 V in anodic scan which decay during cycling are likely electrochemical 

reactions between lithium and amorphous carbon.29,30 The alloying and dealloying peaks overlap 

well starting with the second cycle, indicating stable and reversible lithiation-delithation. 
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Figure 3. Electrochemical performance of the three dimensionally structured Sn-based anodes. (a) 

CV curves of the 3D Sn/C anodes over the potential range of 0 to 2 V vs. Li/Li+ at a scan rate of 0.1 
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mV s‒1. (b) Galvanostatic charge-discharge curves of the sphere-caged Sn/C anodes at 0.5C from 

0.01 to 2 V. (c) Cycling capacity and Coulombic efficiency over 200 cycles. All volumetric 

capacities are on a full electrode basis. (d) Capacity and Coulombic efficiency at varying C-rates. (e) 

Galvanostatic discharge-charge curves (at a rate of 0.5C based on the anode theoretical capacity) of 

a full cell fabricated using the sphere-caged Sn/C nanocomposite as anode vs. a commercial 

LiMn2O4 cathode. The inset in (e) illustrates the structure of the full cell. (f) The first, second, third, 

10th, 50th, and 100th discharge-charge curves (at 1C) of a 100 µm-thick composite anode 

(cross-section illustrated by the inset) fabricated using a commercial Ni scaffold as the template.  

 

The galvanostatic discharge-charge performance at 0.5C (1C corresponds to complete charge or 

discharge of theoretical capacity of tin in 1 h) for 200 cycles is shown in Figure 3b. The flat 

plateaus at around 0.7 to 0.3 V during the discharge (lithiation) are consistent with the CV profiles 

and previous reports on Sn-based anodes,31,32 and can be ascribed to the alloying between tin and 

lithium to form LixSn. During charge (delithiation), the plateaus at ~0.4 to 0.8 V are assigned to 

the dealloying of LixSn. The electrode exhibits the first cycle discharge and charge volumetric 

capacities of ~2404 and 1894 mAh cm‒3 on a full electrode basis, respectively, giving an first 

cycle Coulombic efficiency of 78.8% (Figure 3b,c) which increases to greater than 90% in the 

second cycle and to around 98% after ~15 cycles (the high first-cycle capacity is probably due to 

SEI formation). After 200 cycles, the discharge and charge capacities are about 1700 and 1682 

mAh cm‒3 (885 and 875 mAh g-1), respectively, greater than the reported capacities of 

graphite-based anodes,6,7 and many other anode systems.33‒35  

Figure 3d shows the rate performance of the 3D sphere-caged Sn/C anode (discharge-charge 

curves are shown in Figure S5). Both discharge and charge capacities decrease with increasing 
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C-rates. At 10C, the discharge and charge capacities are about 1229 and 1208 mAh cm‒3, 

respectively. When the C-rate returned to 0.2C, the discharge and charge capacities recovered to 

1781 and 1754 mAh cm‒3. The good rate performance is probably due to the fact that all the Sn 

surfaces are coated with carbon, providing a conductive path for electron transfer, the mesoporous 

3D structure provides a continuous network for liquid phase diffusion, and the Sn active material 

is thin. The properties of the fabricated anode were evaluated by electrochemical impedance 

spectroscopy (EIS) (Supporting Information Figure S6), which confirms a stable surface 

chemistry and consistent lithiation diffusion kinetics. All Nyquist plots collected at a series of 

discharge and charge stages consist of two semicircles in high and medium frequency regions and 

a straight line in the low frequency region. During discharge the medium frequency semicircle 

diameter decreases as discharge proceeds, indicating a decrease of charge transfer resistance as 

the anode lithiates; while during delithiation the charge transfer resistance increases (fitting data 

details shown in Supporting Information Table S1). 

A full cell consisting of the Sn-based anode and a commercial LiMn2O4 cathode was 

constructed as illustrated by the inset in Figure 3e. The charge of the full cell corresponds to the 

lithiation of Sn/C anode; while discharge corresponds to delithiation. The LiMn2O4 cathode 

possesses an operating voltage of 3.9~4.1 V,36,37 and the Sn-based anode exhibits lithiation and 

delithiation plateaus between 0.7~0.3 V and 0.4~0.8 V, respectively. Both the slight plateau at 

~3.4 V and the sloping process starting from ~3.0 V during discharge in Figure 3e are ascribed to 

the Li-Sn alloying and the phase transformation of LiMn2O4 while the slight plateau starting from 

~3.3 V during charging is attributed to dealloying.38,39 From the second cycle onward, both charge 

and discharge become stable. After 100 cycles at 0.5C, the Sn/C anode retains a volumetric 

capacity of about 1020 mAh cm‒3, suggesting good compatibility with a commercial LiMn2O4 
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cathode at room temperature. 

To evaluate the potential of the Sn/C nanocomposite anode for practical applications, where 

thick electrodes (e.g., 100 µm) are generally required, ~100 µm-thick Sn/C anodes were 

fabricated using a commercial disordered mesostructured Ni scaffold as template. Here, it should 

be noted that to enhance the strength of the free-standing thick electrode, the Ni scaffold (Ni 

volume fraction 5%) and SiO2 coating were retained within the electrode. The electrode 

fabrication process and the related material characterizations are shown in Supporting Information 

Figures S7 and S8. The discharge-charge curves of the 100 µm-thick Sn/C anode at a rate of 1C 

are shown in Figure 3f. Over 100 cycles, the anode retains a full electrode-basis volumetric 

capacity greater than 650 mAh cm‒3, and a higher active material loading may be possible through 

electrode structure optimizations. 

Real time lithiation of the Sn/C nanocomposite anode was observed using a TEM attached with 

an in-situ holder in which a nanoscale battery system (half cell) consisting of Sn/C nanocomposite 

as the working electrode and a Li metal flake covered by a natural thin Li2O solid electrolyte layer 

counter electrode (Figure 4a).40As shown in Figures 4b,c, an obvious volume expansion of the Sn/C 

composite particle occurred after contact with the Li flake as the lithium alloyed with the Sn. The 

dynamic structural evolution can be found in Supporting Information Movies 3 and 4. Selected 

area electron diffraction (SAED) patterns indicate a phase transformation from tetragonal Sn to a 

largely amorphous Sn-Li alloy which may also contain alloy phases such as Li3Sn5 during lithation 

(insets in Figure 4b). As seen in Figure 4c, the 3D structure is stable to lithiation. To confirm the 

overall electrode thickness does not change during cycling, the thickness of the thinner electrodes 

and the 100 µm-thick electrodes was measured via SEM after lithiation and delithiation (Supporting 

Information Figure S9), as well as by a micrometer before and after lithiation, and before and after 
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delithiation. No significant change in the overall electrode thickness during cycling is observed, 

probably because the engineered pores within the electrode accommodate the volume change. 

 

 

 

Figure 4. In-situ TEM observations. (a) Schematic illustration of the in-situ TEM of the Sn-based 

nanocomposite anode. (b) High, and (c) low-magnification TEM images during lithiation. The 

insets in (b) are SAED patterns.  
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In summary we present a high volumetric capacity anode consisting of a 3D Sn nanocomposite 

containing a Sn hollow sphere within each cavity where the free surfaces are coated with carbon. 

This anode exhibits a volumetric capacity of ~1700 mAh cm‒3 over 200 cycles at 0.5C, and a good 

rate performance of about 1229 (discharge) and 1208 mAh cm‒3 (charge) at 10C. Both a ~100 

µm-thick Sn/C nanocomposite anode and a full cell consisting of the sphere-caged Sn/C anode vs. 

a commercial LiMn2O4 cathode exhibit high capacities. In-situ TEM observations confirm the 

anode structure has the ability to accommodate the volume expansion during lithiation, enabling a 

reversible high volumetric capacity. The high volumetric energy density of the anode presented here 

is expected to be important for a broad set of possible cathode chemistries.  

 

 

Methods. 3D PS structure and SnO2 scaffold fabrication. The PS structure were prepared on 

tungsten (W) substrates following our previous reports14,16 with the modifications indicated here. 

The W foils (1.2 × 2 cm, 0.25 mm thick, ≥99.9% trace metals basis, Sigma-Aldrich Corp.) were 

cleaned by sonication in acetone and followed by Millipore water (18.2 MΩ cm resistivity) for 30 

min each. Then PS colloid spheres (600 nm diameter, Molecular Probes) were dispersed in 

Millipore water, forming a 0.2 wt% suspension. After drying with blown N2 gas, the W substrates 

were placed vertically into vials containing the PS suspension (about 1.5 cm depth; the final 

structure is about 1 cm long) at 55 °C. To enhance the bonding between PS spheres, the fabricated 

PS structures were sintered at 95 °C for 3 h. To fabricate the SnO2 scaffolds, a Sn(II) precursor 

solution was prepared by mixing 0.2 g SnCl2∙2H2O (Sigma-Aldrich Corp.), 10 mL ethanol, and a 

0.1 M HCl solution (0.2 mL) under stirring for 2 h. The prepared precursor solution was then 
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statically aged for 48 h at room temperature before further usage. The PS templates were held 

vertically, and the Sn(II) solution was slowly dripped on them. The samples were dried at room 

temperature for 24 h. This infiltration and drying process was repeated for twice. The obtained 

samples were sintered in air at 450 °C for 1 h using a heating ramp rate of 10 °C min‒1, forming ~6 

μm-thick SnO2 scaffolds. 

SiO2 coating and the caged SnO2 sphere growth. To grow SnO2 inside the scaffold, a SiO2 layer 

was first coated onto the SnO2 foam using a Stöber method. Typically, 50 mL of Millipore water 

and 1 mL of ammonium hydroxide (~28%, Sigma-Aldrich Corp.) were mixed with 40 mL of 

ethanol. A SnO2 scaffold substrate held by a clamp was immersed into the obtained solution. Then, 

0.5 mL of tetraethylorthosilicate (TEOS, Sigma-Aldrich Corp.) was added dropwise into the 

solution under magnetic stirring at a rate of 400 revolutions per minute (RPM). After 1 h, the 

substrate was removed, washed with ethanol and water, and dried at 60 ºC for 4 h. The SnO2 layer 

inside the scaffold was grown via a hydrothermal route similar to literature report41 with the 

modifications noted here. Typically, 0.162 g of K2SnO3∙H2O and 1 g of urea were put into 35 mL of 

Millipore water/ethanol (1:1 vol. ratio) mixture under stirring. Then, the solution was transferred 

into a 50 mL Teflon-lined steel autoclave. A SiO2-coated SnO2 foam on a W substrate was placed 

into the solution face up. The autoclave was sealed, heated at 180 °C for 12 h and then cooled 

naturally to room temperature. The sample was removed, washed with ethanol and Millipore water, 

and dried at 60 °C for 4 h. 

SiO2 removal, carbon coating and reducing treatment. To remove the SiO2 after hydrothermal 

growth, a 5% HF in Millipore water/ethanol (1:1 vol. ratio) solution was used to etch the SiO2. The 

sample was then washed with Millipore water, and dried at 60 ºC for 6 h. Subsequently, for coating 

a carbon layer, similar to our previous report,15 a furfuryl alcohol-based polymerization approach 
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was employed. Typically, the sphere-caged SnO2 scaffold substrates were dipped into furfuryl 

alcohol. The wet sample was then heated in air at 150 ºC for 24 h to polymerize the furfuryl alcohol. 

At last, the sample was heat treated at 600 ºC for 4 h in a H2/Ar gas (H2: 5% vol.), forming a 3D 

sphere-caged Sn/C composite. 

Thick electrode fabrication. Thick electrodes were fabricated started using a 3D mesoporous Ni 

scaffold following a similar process as for the thin electrodes. See Supporting Information 

Information (Figure S7) for fabrication details. 

Characterization. Samples were characterized using a Hitachi S-4800 SEM, a Philips X’pert 

MRD XRD with Cu Kα radiation (1.5418 Å), and a JEOL 2100 Cryo TEM operating at 200 kV. 

The XRD peaks were compared with the Joint Committee on Powder Diffraction Standards. The 

carbon content in the Sn/C composite was analyzed using a Mettler-Toledo TGA 851e under an air 

atmosphere and a heating ramp rate of 10 °C min‒1 from 25 to 500 °C. Raman spectra were 

obtained on a Nanophoton Raman-11 Laser Raman Microscope system using a laser power of 1.5 

mW at 532 nm. 

In-situ TEM observations. A nano-battery system in which the Sn/C nanocomposite as anode was 

prepared for in-situ TEM observations. Here, a Li metal flake with a thin Li2O layer as solid 

electrolyte was used rather than an ionic liquid due to minimize wetting problems. A small 

Li2O-coated Li flake was connected to a W wire as the counter electrode. The Sn/C nanocomposites 

were then attached on the tip of an Al wire using conductive silver epoxy as the working electrode. 

The two electrodes were installed on a Nanofactory STM-TEM in-situ holder. The in-situ study was 

performed on a JEOL-2010 field emission electron microscope (at 200 kV). The anode was checked 

by performing potentiostatic discharge at different voltages ranging from 0 to 4 V with respect to 

the counter electrode. During the discharging, images and movies were taken to monitor the 
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structure evolution including the morphology, volume and phase changes.  

Electrochemical measurements. Electrochemical tests were conducted using two-electrode coin 

cells using Princeton Applied Research Model 273A and Biologic VMP3 potentiostats. The 3D 

sphere-caged Sn/C composites were set as the working electrodes. For half cells, lithium metal was 

used as the counter and reference electrode; while for full cells, a commercial LiMn2O4 cathode 

provided by Xerion Advanced Battery was used. All cells were assembled in an Ar-filled glove box. 

In the full cell, compared to the capacity of anode, the excess capacity of cathode is set at about 

10% to reduce the lithium plating during cycling. The Sn/C anode was pre-cycled in a half cell 

system (vs. Li foil) for 15 cycles before the full cell assembly. An electrolyte consisting of 1 M 

LiPF6 dissolved in a 50:50 (w/w) mixture of ethylene carbonate and diethyl carbonate was used. A 

polypropylene micro-porous film was employed as the separator. Electrode capacities in half cells 

were measured by a galvanostatic charge-discharge method at a rate of 0.5C over the potential 

range of 0.01 to 2 V; while the full cells were cycled at 2C over the voltage range of 2 to 4 V. CV 

curves were recorded over the potential range of 0 to 2 V (vs. Li+/Li) at a scan rate of 0.1 mV s‒1. In 

C-rate performance measurements, the C-rates were changed from 0.2C to 0.5C, 1C, 5C, 10C, and 

back to 0.2C. At each of the C-rate, the electrode was cycled 10 times.  
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