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Article
Ultra-high Areal Capacity Realized
in Three-Dimensional Holey Graphene/SnO2

Composite Anodes
Junfei Liang,1,2,3,8 Hongtao Sun,2,4,8 Zipeng Zhao,1 Yiliu Wang,2 Zhiying Feng,2 Jian Zhu,2,5 Lin Guo,6,*

Yu Huang,1,7,* and Xiangfeng Duan2,7,9,*
SUMMARY

Nanostructured alloy-type electrode materials and its composites have shown extraordinary promise

for lithium-ion batteries (LIBs) with exceptional gravimetric capacity. However, studies to date are

usually limited to laboratory cells with too lowmass loading (and thus too low areal capacity) to exert

significant practical impact. Herein, by impregnating micrometer-sized SnO2/graphene composites

into 3D holey graphene frameworks (HGF), we show that a well-designed 3D-HGF/SnO2 composite

anode with a high mass loading of 12 mg cm�2 can deliver an ultra-high areal capacity up to

14.5 mAh cm�2 under current density of 0.2 mA cm�2 and stable areal capacity of 9.5 mAh cm�2 under

current density of 2.4 mA cm�2, considerably outperforming those in the state-of-art research devices

or commercial devices. This robust realization of high areal capacity defines a critical step to capturing

the full potential of high-capacity alloy-type electrode materials in practical LIBs.
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INTRODUCTION

The development of advanced lithium-ion batteries (LIBs) with high energy density and long cycle life is

critical for improving user experience with portable electronic devices andmeeting the insatiable demands

from electric vehicles and grid-level energy storage (Armand and Tarascon, 2008; Dunn et al., 2011; Lukat-

skaya et al., 2016). Alloy-type anode materials have attracted considerable interest as potential alternatives

to state-of-the-art graphite anode for high-energy-density LIBs for their much higher theoretical capacity

(e.g., 4,200 mAh g�1 in Si:; 990 mAh g�1 in Sn:; and 782 mAh g�1 in SnO2: versus 372 mAh g�1 in graphite)

(Idota et al., 1997; Qiu et al., 2010; Zhu et al., 2016). Despite enormous interest, the practical potential of

such alloy-type anodes remains to be demonstrated to date. The extraordinary promise of such alloy-

type anode is usually only achieved in research devices with relatively low mass loadings of the active ma-

terials (�1 mg cm�2) and rather low areal capacity rarely exceeding those of today’s LIBs (�3 mAh cm�2)

(Gallaghera et al., 2016). With such a low mass loading, the highly promising electrochemical performance

achieved diminishes in practical devices when mass of the passive components such as current collectors

and separators (e.g., �5–10 mg cm�2) is included (Cheng and Li, 2017; Gogotsi and Simon, 2011; Jin et al.,

2017; Li et al., 2018; Liu et al., 2019; Mo et al., 2019; Sun et al., 2019). To fully capture the potential of such

alloy-type anodes to impact practical technologies, it is imperative to considerably increase the areal mass

loading to be at least comparable to that of the passive components and to achieve greatly higher areal

capacity than that of the state-of-art devices today.

To increase the areal capacity by increasing the areal mass loading appears straightforward, but has met

with limited success to date owing to a number of key challenges associated with the intrinsic nature of the

alloy-type materials. First, the alloy-type anodes typically exhibit a large volume change upon lithiation and

delithiation process (e.g., 400% for Si and 300% for SnO2), which could lead to rapid pulverization during

the charge/discharge process (Oumellal et al., 2011). Although this problem could be partially mitigated by

various nanostructuring or compositing strategies (Huang et al., 2012; Li et al., 2016; Liu et al., 2014; Shi

et al., 2018; Wang et al., 2013, 2016; Wu et al., 2012a, 2012b; Xia et al., 2016; Zhang et al., 2013), they

are usually only applicable for electrodes with relatively low mass loading (<1 mg cm�2). The volume

change issue rapidly aggravates in thicker electrode at higher mass loading. The large volume swing be-

tween the charged and the discharged states results in excessive mechanical strain in the thicker electrode,

leading to mechanical disintegration of the entire electrode structures and thus rapidly degrading cycling

performance. Second, with their intrinsically high capacity, fully satisfying the charge storage capacity of
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the thicker electrode requires delivery of substantially more charge (electrons and ions) into the electrode

in a given area. In particular, such a requirement becomes increasingly more challenging in thicker elec-

trode with higher mass loading, because a proportionally larger number of charges have to travel across

a proportionally longer distance to fully utilize all the storage capacity of the active material in the thick

electrode. Such a charge delivery requirement far exceeds that of typical electrode architecture design

of the state-of-art batteries, posing a serious charge delivery challenge in fully utilizing the charge storage

potential of such high-capacity materials at high mass loading. For the above challenges, the capacity and

cycling performance rapidly degrade in electrode with the mass loading approaching practical levels

(�10 mg cm�2). Thus the alloy type anodes have exerted rather limited impact in practical technologies

to date despite their extraordinary potential.

Here we report the design and preparation of 3D holey graphene framework/SnO2 (3D-HGF/SnO2) com-

posite with ultra-high areal mass loading and ultra-high areal capacity. By impregnating the micrometer-

sized SnO2/graphene composites into the 3D-HGF, we produce a freestanding monolithic mechanical

strong framework structure with interpenetrating electron transport and ion transport paths. Within such

structure, the ultrasmall SnO2 nanoparticles are fully embedded into the micrometer-sized composites

and the graphene sheets can function as an effective encapsulation and buffer layer to accommodate

the volume expansion of SnO2 nanoparticles during lithiation process. The fully conjugated monolithic

3D graphene framework structure offers sufficient porosity, extraordinary mechanical strength, and me-

chanical flexibility to accommodate the large volume change of the alloy-type anode and ensure cycling

durability. At the same time, the 3D-HGF structure also offers a fully conjugated graphene network for

excellent electron conduction and fully interconnected hierarchical porous structure for ion transport,

thus satisfying the charge delivery demand of the high-capacity alloy-type anodes, promising high utiliza-

tion efficiency of the active material at practical levels of mass loading (Sun et al., 2017; Xu et al., 2014). We

show that 3D-HGF/SnO2 electrode with high mass loading up to 12 mg cm�2 can be created with ultra-high

areal capacity up to 14.5 mAh cm�2 under current density of 0.2 mA cm�2 and stable areal capacity of 9.5

mAh cm�2 under current density of 2.4 mA cm�2, considerably outperforming those in the state-of-the-art

research devices or commercial devices. This work represents a critical step toward capturing the full po-

tential of high-capacity alloy-type electrode materials in practical devices.
RESULTS

The freestanding 3D-HGF/SnO2 composites were prepared using a two-step process. In the first step, the SnO2

nanoparticlesweredirectly grownon freestandinggraphene sheets through a hydrothermal process followedby

a freeze-drying process and then an annealing at 500�C to obtain micrometer-sized SnO2/G composites. The

SnO2/G composites were then mixed with holey graphene oxide sheets and conjugated into a freestanding

3D framework structure using ascorbate reduction process (Figure 1A), which was then freeze-dried and an-

nealed at 500�C under argon flow for 2 h to produce freestanding monolithic 3D porous composites with the

HGF as the conductive scaffolds formicrometer-sized SnO2/graphene composites (Figure 1B).Within such com-

posite, the SnO2 nanoparticles are fully buried into the micrometer-sized composites and the graphene sheets

can act as cushion to accommodate the volume expansion of SnO2 nanoparticles during lithiation process. The

micrometer-sized SnO2/graphene composites were impregnated into 3D HGF, which can offer an effective

encapsulation and buffer layer to further accommodate the volume changes and ensure cycling durability.

Meanwhile, the 3D HGF also provides rapid interpenetrating pathways for both electrons and ions and sustains

high utilization efficiency of the active material at high mass loading levels.

SnO2 nanoparticles can interact with graphene sheets through physisorption and electrostatic binding. In

addition, the residue oxygenic groups on the reduced graphene oxide could also chemically bind to SnO2

nanoparticles (Wu et al., 2012a, 2012b). The transmission electron microscopic (TEM) image clearly reveals

well-distributed SnO2 nanoparticles decorated on the graphene sheets with average size of around 5–8 nm

(Figure 1C). The lattice-resolved TEM image shows a lattice spacing of 0.33 nm (Figure 1D), corresponding

to the (110) plane of the SnO2. The X-ray diffraction studies of the freestanding HGF/SnO2 composite show

consistent diffraction pattern matching well with the standard SnO2 card (JCPDS no. 41-1445), indicating

the high purity of the SnO2 in the composites (Figure 1E). Based on the diffraction peak width, we can

also determine the average particle size to be �8 nm using Sherrer’s formula, consistent with TEM studies.

The small particle size is beneficial for withstanding volume expansion or contraction during the charge/

discharge processes and improving capacity and rate performance of 3D HGF/SnO2 by shortening the

Li+ diffusion distance in LixSnO2 (Xia et al., 2016). Raman spectroscopy studies show the expected D and
iScience 19, 728–736, September 27, 2019 729



Figure 1. Preparation and Characterization of 3D HGF/SnO2

(A) Schematic illustration of preparation of 3D HGF/SnO2.

(B) Cross-sectional scanning electron microscopic image shows interior microstructures of HGF/SnO2. The SnO2

nanoparticles were first grown on graphene sheets to obtain micrometer-sized SnO2/G composites, which were then

incorporated into a 3D HGF to form the composite anode.

(C) TEM image of graphene sheets with uniformly decorated SnO2 nanoparticles.

(D) High-resolution TEM image of SnO2 nanoparticles.

(E) X-ray diffraction patterns of the as-synthesized freestanding HGF/SnO2 composite.

(F) Raman spectra of HGF/SnO2 electrodes. The D and G bands are characteristic of RGO.

(G) Thermogravimetric analysis of HGF/SnO2 electrodes.
G bands of reduced GO (RGO) in the composites (Figure 1F). Thermogravimetric analysis shows a clear

mass loss at 600�C, indicating that the mass percentage of RGO in the as-prepared HGF/SnO2 composite

is 26% (Figure 1G). Together, these structural analyses clearly demonstrate that the two-step synthesis

effectively produces mechanically strong 3D porous composites with a high loading of SnO2 nanoparticles.

We have next tested the Li storage performance of 3D-HGF/SnO2 composites at different mass loadings.

As a control sample, the simple G/SnO2 slurry composite with a randomly stacked graphene network (the

synthesis processes are described in the Supplemental Information) was also prepared and compared.

Electrodes with three different levels of mass loading were investigated, corresponding to a typical loading

amount for research studies (2 mg cm�2), one that is representative of practical levels of mass loading

(12 mg cm�2) and an intermediate level of mass loading (7 mg cm�2). For the G/SnO2 control electrodes,

it is apparent that galvanostatic charge/discharge characteristics vary dramatically at different mass load-

ings (Figure 2A). The voltage-capacity curves exhibit an increasingly steeper slope and larger voltage drop

at higher mass loading, with rapidly degrading gravimetric capacity within a given potential window, which

can be attributed to an increasingly larger internal resistance in thicker electrode, which in turn leads to

higher overpotentials and lower capacities (Singh et al., 2015). In contrast, the charge/discharge curves

of the 3D-HGF/SnO2 electrodes show a relatively small voltage drop and capacity loss with increasing

mass loading (Figure 2B), indicating that HGF/SnO2 exhibits much smaller overpotential, which might

be largely attributed to themuch smaller internal resistance of the 3D-HGF composite structure. As a result,

the HGF/SnO2 electrode shows much less capacity degradation induced by mass loading at various

C-rates. In contrast, increased mass loading for G/SnO2 control electrodes leads to a significant decrease
730 iScience 19, 728–736, September 27, 2019



Figure 2. Effects of Mass Loading on Electrochemical Characteristics

(A and B) Galvanostatic charge/discharge curves for (A) the G/SnO2 control electrode and (B) the HGF/SnO2 electrode at

a current density of 500 mA g�1 for mass loadings of 2, 7, and 12 mg cm�2.

(C) Comparison of the rate performance between 20 mA g�1 and 2,000 mA g�1 for HGF/SnO2 (solid) and G/SnO2 (open)

electrodes under different mass loadings (2, 7, and 12 mg cm�2).

(D and E) Retention of specific capacity of HGF/SnO2 (solid) and G/SnO2 (open) anodes at (D) 50 mA g�1 and (E)

500 mA g�1 with increasing mass loadings.
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Figure 2. Continued

(F) The cycle performance of HGF/SnO2 and G/SnO2 electrode with mass loading of 12 mg cm�2 at a current density of

2.4 mA cm�2. The Li metal counterelectrode was replaced at the 206th cycle to avoid impact by the degradation of the Li

metal electrode. The electrochemical properties were normalized by the total mass of the electrodematerials (HGF/SnO2

electrodes free of conductive additives and binders and the control G/SnO2 including binders and conductive additives).
in energy storage properties with essentially diminished capacity at high C-rate (e.g., >500 mA cm�2) (Fig-

ures 2C and S1).

These studies at different C-rates further demonstrate exceptional capability of HGF/SnO2 to retain high

capacitance at high mass loading at various current densities. For example, a capacity of 1,060 mAh g�1 is

maintained in electrode with 12 mg cm�2 loading at a current density of 50 mA g�1, which is only 13% less

than that (1,220 mAh g�1) with 2 mg cm�2 mass loading (Figure 2D). Even at the high current of 500 mA g�1,

the HGF/SnO2 electrode retains a capacity of 576 mAh g�1 at a mass loading of 12 mg cm�2, a 39%

decrease of from 938 mAh g�1 at the 2-mg cm�2 electrode (Figure 2E). In contrast, in the G/SnO2 elec-

trodes, the gravimetric capacity seriously degraded from 850 to 218 mAh g�1 when the mass loading is

increased from 2 mg cm�2 to 12 mg cm�2 at a current density of 50 mA g�1; at higher current density of

500 mA g�1, even more severe decrease in energy storage properties is observed in high mass loading

electrodes with only 36 mAh g�1 left in electrode with 12 mg cm�2 mass loading (Figure 2D). Such a large

degradation in performance with increasing mass loading highlights the challenges in delivering sufficient

ionic current densities to retain the same gravimetric energy storage performance in thicker electrodes.

The encapsulation of the SnO2 nanoparticles in SnO2/graphene composites and then impregnation of the

micrometer-sized composites into strong 3D-HGF offers sufficient flexibility and space to accommodate

the repeated volume change during the charge/discharge process to ensure excellent cycling stability

at high mass loading. To this end, we have tested the cycling stability of 3D-HGF/SnO2 electrodes and

compared against that of G/SnO2 electrode at a mass loading of 12 mg cm�2 (Figure 2F). Under a

current density of 2.4 mA cm�2, the reversible capacity of the HGF/SnO2 electrodes can be as high as

9.5 mA h cm�2 after 400 cycles, with the Coulombic efficiency consistently above 99.9%, demonstrating

the robust porous architecture of the 3D composites. In contrast, the G/SnO2 electrode exhibited a very

poor cycling performance, with a rapid fading of capacity to 0.25 mAh cm�2 after 40 cycles owing to the

severe pulverization. In this work, we impregnated micrometer-sized SnO2/graphene composites as a sec-

ondary structure into 3D HGF, so the solid-electrolyte interface largely forms the outer layer of the second-

ary structure, which makes the whole structure more static during charge/discharge processes. Compared

with the control G/SnO2 electrode without secondary microstructure, our electrode showed considerably

higher first cycle Coulombic efficiency of 79.2% (55.1% for the control electrode) and more stable cycling

performance. It should be noted that, at such high areal capacity and current density, the stability of

Li-metal electrode poses a challenge for long cycling durability test. To this end, we have replaced the

Li metal counterelectrode with a fresh one at the 206th cycle so that the degradation of the Li metal counter-

electrode would not affect the cycling performance of the HGF/SnO2 electrodes.

The ability to retain high electrochemical performance and achieve high areal capacity at high mass

loading is critical for practical applications, because a higher mass loading can reduce the relative over-

head from the current collectors and separators and is thus critical for achieving higher cell-level energy

density (Gallaghera et al., 2016). For this reason, the areal capacity provides an important measure for as-

sessing the practical performance of electrode materials for LIBs (Singh et al., 2015). To this end, we have

evaluated the areal capacity (mAh cm�2) as a function of areal mass loading (mg cm�2).

In the ideal case, the areal capacity scales proportionally with increasing mass loading of the active mate-

rials. However, owing to charge transport limitations, a sublinear relationship or inverse relationship can be

observed in many electrode materials. For example, for the G/SnO2 electrodes, the areal capacity only

increased by 53% from 1.44 to 2.21 mAh cm�2, when the mass loading is increased by 250% from 2 to

7 mg cm�2. Even worse, when the mass loading is further increased to 12 mg cm�2, the areal capacity is

decreased to 1.57 mAh cm�2, which can be attributed to reducing the utilization efficiency of the active ma-

terials with increasing charge transport resistance in thicker electrode. On the other hand, for

3D-HGF/SnO2 composite with optimized charge transport properties, a nearly linear scaling relationship

is observed. When the mass loading is increased from 2 to 7 mg cm�2, the areal capacity is nearly propor-

tionally increased from 2.38 to 7.68 mAh cm�2, indicating no charge transport limitation in these mass
732 iScience 19, 728–736, September 27, 2019



loading ranges. With further increase in the mass loading to 12 mg cm�2, the areal mass loading is further

increased to 12.13 mAh cm�2 (Figure 3A). Apparently, the areal capacity increase slows at higher mass

loading, suggesting that the charge transport resistance starts to play a limiting role in such a thick

electrode.

We have further evaluated the areal capacity versus areal mass loading for the HGF/SnO2 composite elec-

trode at different current densities (Figure 3B). At relatively low current densities of 20, 50, and 100 mA g�1,

the areal capacity increases linearly with mass loading until 12 mg cm�2. At higher current density beyond

500 mA g�1, the areal capacity starts to deviate from linearity to reach a plateau at a high mass loading of

12 mg cm�2. The plateau-like behavior indicates that the penetration depth limit for the ionic current has

been reached at such current density, as previously suggested by Gallagher et al. (Gallaghera et al., 2016).

The transition between the linear response and the plateau suggests that the higher loading becomes pro-

gressively less beneficial, particularly at higher current density regime.

At even higher current density of 1,000 mA g�1, the areal capacity experiences a slight decrease at high

mass loading, suggesting that the charge transport resistance starts to limit the utilization efficiency of

the active materials at such high rate. The decrease in areal capacity (for example, 1,000 mA g�1 at loadings

of 12 mg cm�2) can be attributed to concentration polarization due to insufficient charge (ion) delivery rate

to fully satisfy the charge storage requirements (Sun et al., 2017).

To further evaluate the Li storage performance at different current densities and probe the charge delivery

limitations, we have plotted the areal capacity as a function of areal current density for the 3D-HGF/SnO2

electrodes at different mass loadings (Figure 3C). At low-enough current density, the areal capacities level

off near the maximum theoretical value as all the electrode material becomes accessible to electrolyte

penetration and can be fully utilized when the charge and discharge rates are sufficiently slow. Notably,

in this regard, a maximum areal capacity of 14.5 mAh cm�2 is reached at mass loading of 12 mg cm�2,

considerably higher than the areal capacity achieved with the previous anode materials and structures. It

is also noted that all the electrode with different mass loadings show a rapid decrease in areal capacity

when the current density is increased beyond 10 mA cm�2, suggesting that charge transport within the

electrolyte is becoming the limiting factor at such current density (Gallaghera et al., 2016). It is also inter-

esting to note that such a decrease in capacity around 10 mA cm�2 also coincides with a similar decrease

observed in 3D-HGF/Nb2O5 composites at similar current densities. Such a collapse at a similar critical cur-

rent density indicates that a similar ion delivery limitation is achieved with these different 3D-HGF compos-

ite materials, which might be attributed to an intrinsic ion diffusion limitation of the 3D-HGF structures.

We have also compared the areal capacity versus current density with those of the state-of-the-art commercial

graphite anodes (Billaud et al., 2016; Gallaghera et al., 2016; Moshtev and Johnson, 2000) and representative

research anodes (such as Si and SnO2) (Figure 4A) (Cui et al., 2009; Jahel et al., 2014; Li et al., 2014; Oumellal

et al., 2011; Shi et al., 2018; Wu et al., 2012a, 2012b; Zhang et al., 2016; Zhou et al., 2016). Compared with typical

commercial or research devices, our composite electrodedelivers amuch higher areal capacity at a given current

density, almost doubling the highest value reported before. It is noted that the areal capacity achieved in

HGF/SnO2 is lower than that of the previously reported Nb2O5/HGF electrode under ultra-high current of

20 mA cm�2, at which regime the charge transport might be limited, relatively slower Li+ ion diffusion inside

SnO2 when compared with much faster diffusion in Nb2O5. The superior performance of HGF/SnO2 is more

evident in the linear plot of the areal capacity versus current density (Figure S2). The advantage of having elec-

trodes with highmass loading becomesmore apparent when the mass of the inactive components (such as cur-

rent collectors �10 mg cm�2) is taken into account (Gogotsi and Simon, 2011; Singh et al., 2015). For example,

normalizing the capacity by the mass of the entire electrode (including the electrode materials and the current

collector) the 3D HGF/SnO2 electrode delivers highest specific electrode capacity when the current density is

less than 500 mA g�1 (almost doubling the previous record) (Figure 4B).
DISCUSSION

Together, we have demonstrated that a freestanding 3D-HGF/SnO2 composite, in which the mechanically

strong 3D-HGF offers sufficient space and flexibility to accommodate the volume expansion of SnO2 nano-

particles while providing efficient electron and ion transport pathways, fully captures the merit of high-ca-

pacity alloy-type anodematerials in high areal mass loading electrodes and achieves an extraordinary areal

capacity up to 14.5 mAh cm�2. We should note that although a high mass loading electrode has been
iScience 19, 728–736, September 27, 2019 733



Figure 3. Performance Metrics for Electrodes with High Mass Loading

(A) Dependence of areal capacity on mass loading at 100 mA g�1 for HGF/SnO2 and G/SnO2 electrodes.

(B) The correlation of areal capacity with mass loading (2, 7, and 12mg cm�2) at various current densities for the HGF/SnO2

electrode.

(C) The effect of current density and mass loading on the areal capacity of the HGF/SnO2 electrode.

734 iScience 19, 728–736, September 27, 2019



Figure 4. Comparison of Energy Storage Performance Metrics for Various Anode Materials

(A) Comparison of areal performance metrics of SnO2/HGF electrode with those of various commercial and research anodes, including graphite anodes and

high-capacity Si and SnO2 anodes.

(B) Comparison of specific capacities at various current densities normalized by the total mass of the electrode (including the electrode materials, the current

collector, and any other additives when applicable).
demonstrated as an ultra-high rate anode based on a similar 3D-HGF/Nb2O5 composite structure, the

areal capacity achieved there is limited (�4 mAh cm�2) owing to the intrinsically lower theoretical capacity

of the Nb2O5 anodematerials. It is important to note that the ultra-high areal capacity up to 14.5 mAh cm�2

achieved in the current study represents one of the highest areal capacities achieved in all anode materials

reported to date, to the best of our knowledge. It is also worth noting that our HGF/SnO2 electrode does

not contain any other binder or conductive additive and shows the highest specific capacity reported to

date when normalized by the total weight of the entire electrode (electrode composite materials and

the current collector). This study thus defines a critical step in exploring the high-capacity alloy-type elec-

trode materials for practical electrochemical energy storage devices.
Limitations of the Study

Although this solution-processable self-assembly approach shows great promise for large-scale produc-

tion of 3D graphene-based composite electrodes, it is still a batch process that can limit the production

throughput. To solve this issue, a scalable manufacturing process capable of high-throughput production

(e.g., a roll-to-roll process) is highly desirable for practical battery manufacturing.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.08.025.
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Supplemental Figures 

 

Figure S1, related to Figure 2C. Comparison of the area capacity between 20 mA g-1 and 
2000 mA g-1 for SnO2/HGF (solid) and SnO2/G (open) electrodes under different mass 
loadings (2, 7, and 12 mg cm−2). 

 

 

Figure S2. The linear plot of the areal capacity versus current density, related to Figure 4A. 

 

Transparent Methods 
 
Materials: In this study, all the chemicals (purchased from Sigma-Aldrich) were of analytical 
grade and without further purification. 
 
Synthesis of SnO2/HGO composite: Graphene oxide (GO) was prepared by oxidation of 
natural graphite flakes (100 mesh; Sigma-Aldrich) following a modified Hummers’ method, and 
the solution-processable holey graphene oxide (HGO) was synthesized using a previously 
reported approach (Xu et al., 2015). Briefly, 5 mL of 30% H2O2 aqueous solution was mixed 
with 50 mL of 2 mg mL-1 GO aqueous dispersion and then heated at 100 °C under stirring for 
2.0 hours. The as-prepared HGO was purified by centrifuging and washing to remove the 
residual H2O2 and then re-dispersed in deionized (D.I.) water. The HGO along with pristine GO 
sheets were used as building blocks for the synthesis steps described below.  



The 3D HGF/SnO2 composites were prepared using a two-step process. First, using SnCl2 as 
precursor for SnO2, SnO2/graphene composite was prepared in the mixture of water and 
ethanol by hydrothermal method at 120°C for 12 hours. The intermediate product was 
centrifuged and washed five times to remove excess ions and then freeze-dried. The product 
was then annealed at 500°C under argon flow for two hours. The resulting powder sample 
(SnO2/G) was dispersed into HGO with magnetic stirring. Excess sodium ascorbate was 
added into this aqueous mixture and heated at 100°C for 2 hours to reduce the composites. 
The as-prepared 3D HGF/SnO2 composites were washed by D.I. water for six times to remove 
any impurities and cut into thin slices. After freeze-drying, the samples were annealed at 
500°C under argon flow for two hours.  
 
Synthesis of control SnO2/G composites: SnO2 and graphene powder materials (G/SnO2) 
were prepared using the same amount of SnO2 precursor and GO. The same two-step process 
was utilized until the G/SnO2 powder obtained in the step one was well dispersed in GO 
solution. This solution was freeze-dried and annealed. The resulting G/SnO2 powders were 
then used to prepare slurries for battery electrodes.  
  
Material Characterization: The morphology and structure of materials were characterized by 
scanning electron microscopy (SEM, Zeiss Supra 40VP), transmission electron microscopy 
(TEM, Titan S/TEM FEI), X-ray diffraction (XRD) (Panalytical X’Pert Pro X-ray Powder 
Diffractometer). Raman spectra were recorded on a RM 2000 Microscopic confocal Raman 
spectrometer (Horiba LABHR) using a 488 nm laser beam. Thermogravimetric analysis (TGA, 
PerkinElmer instruments Pyris Diamond TG/DTA) was conducted in air atmosphere from room 
temperature to 800°C at a heating rate of 6°C min-1. 
 
Electrochemical Characterization: The free-standing, 3D HGF/SnO2 electrode composites 
were mechanically compressed and assembled into coin cells. These electrodes served as the 
working electrodes without any binders or conductive additives. The control electrode (G/SnO2) 
was prepared by mixing 80 wt% active materials, 10 wt% carbon black and 10 wt% 
polyvinylidene fluoride (PVDF) binder dissolved in N-methyl-2-pyrrolidinone. After the above 
mixture was coated on Cu foils, electrodes were dried at 120°C under vacuum for 12 h to 
remove the solvent, and then punched into a disk and pressed. The electrochemical properties 
were carried out by assembling 2025 coin cells in an argon filled glove box with water and 
oxygen content kept below 0.1 ppm. Lithium hexafluorophosphate (LiPF6) dissolved in a 
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) was used as the electrolyte 
(1.0 M LiPF6 in EC/DMC, 1:1 volume ratio, BASF, USA). The typical areal mass loadings of the 
electrode materials are 2, 7, and 12 mg cm-2 for the studies of mass loading dependence. For 
every electrode with the same mass loading, five cells were tested to determine the data. The 
tap density of the electrode is around 1.2 g cm-3. The half-cell tests were carried out using Li 
metal as counter and reference electrode and SnO2 based composites as the working 
electrode. Galvanostatic charge/discharge cycling was conducted in a multichannel battery 
testing system (LAND CT2001A).   
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