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A B S T R A C T   

Lithium (Li) metal has always faced serious challenges of dendritic growth and low Coulombic efficiency due to 
the nonuniform electric field distribution and the dynamically changed interface situation. In this paper, the 
interconnected and closed hollow graphene spheres with an internal load of lithiophilic Li4.4Sn nanoparticles 
(Li4.4Sn/SG) is prepared to improve Li deposition behavior. Both the density functional theory calculations and 
experimental studies indicate that Li4.4Sn has higher binding energy and lower nucleation overpotential toward 
Li than graphene, thus guiding the deposition of Li metal inside the hollow graphene spheres to avoid the 
generation of uncontrolled Li dendrites and formation of solid electrolyte interface (SEI) on the fresh Li surface. 
Furthermore, the surface of the non-tip graphene spheres can greatly avoid the uneven distribution of charge 
caused by the tip effect, so as to continuously guide the uniform deposition of Li on the surface of the spheres 
after the spheres are completely filled with Li, thus achieving a dense Li metal layer free of dendrites. In 
consequence, the Li4.4Sn/SG electrode exhibits a long lifespan up to 1000 h and an exceptionally low over
potential (<18 mV). It is believed that the design of the closed hollow spherical structure with lithiophilic 
nanoparticle seeds inside is a promising strategy to construct high performance Li metal anodes for lithium 
batteries.   

1. Introduction 

In recent years, lithium batteries with high energy/power densities 
have been becoming one kind of the most important and practical bat
teries for many applications including portable electronics, electric ve
hicles, and grid storage [1,2]. This is because Li metal has a high 
theoretical capacity of 3860 mA h g� 1 and a low negative electro
chemical potential of � 3.04 V (vs the standard hydrogen electrode) 
[3–6]. However, the application of Li metal anodes is facing some 
challenges, especially the deposition of Li metal tends to generate Li 
dendrite. When a Li battery undergoes charge/discharge cycling, the 
formed dendritic Li can break to form dead Li, resulting in a new solid 
electrolyte interface (SEI) layer. This SEI layer could leading to insuffi
cient cycle life and low Coulombic efficiency (CE) [7,8]. Furthermore, 
the dendritic Li may also pierce the diaphragm, triggering internal short 
circuit in the battery, causing serious safety problem. 

In order to solve the issue of dendritic Li growth, many strategies 
have been explored. For example, the growth of dendrites could be 
suppressed by preparing a solid electrolyte with high mechanical 
strength [8–10]. However, the low conductivity at room temperature 
and the large interfacial impedance seem to be difficult in application of 
solid electrolytes. Another strategy is to optimizing the electrolytes by 
producing a SEI film to inhibit the growth of dendrites, but this SEI is 
found to be continuously consumed during the charge/discharge cycling 
[11–13]. Although these methods could retard the growth of dendrites, 
they are not the solutions to inhibit the intrinsic nucleation growth of Li. 
Recently, the design or improvement of current collectors for anodes 
have attracted particular interests due to their regulation of lithium 
nucleation during the initial deposition process, which could determine 
the morphology of the subsequent lithium deposition [14–17]. For 
example, the preparation of a freestanding three-dimensional (3D) 
current collector, such as 3D porous Cu [18], nickel foam [19], carbon 
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fiber cloth [20–22], etc., which could reduce the growth of Li dendrites 
to some extent by reducing the local current density [23,24]. However, 
these freestanding 3D current collectors tend to be thicker, and the 
stored Li is often far overdone. Another method is to coat 3D conductive 
materials, such as graphene frame [14,17], carbon nanoflake [25], 
porous carbon [26], crumpled graphene [24], zeolitic imidazolate 
framework (ZIF) [27], etc., onto the current collector as the skeletons for 
Li deposition. The voids of these 3D porous materials can provide space 
for Li storage. However, the deposition of Li in the 3D materials usually 
tends to be anisotropic, resulting in a large amount of SEI is coated on 
the surface of the Li metal simultaneously. Therefore, the deposited Li 
cannot be combined in different directions [17], leading to low surface 
capacity. 

In addition, as shown in Fig. 1a and b, there are a large number of tips 
in bare Cu foil and those 3D conductive scaffolds. The surface area de
creases as the deposition amount increases, and the tip effect may 
appear gradually to produce Li dendrites on the electrode. To further 
explore the strategy for illuminating the dendrite growth of Li, Zheng 
et al. [28] coated a single layer of hollow carbon spheres on a Cu current 
collector as artificial SEI to guide the deposition of Li into a column. 
Whereas, the hollow carbon spheres could constantly move due to the 
weak binding with Cu substrate, and no Li storage contribution could be 
observed in this thin carbon film (~10 μm). Yan et al. [10] further 
introduced Au nanoparticles as the deposition seeds into the carbon 
spheres, demonstrating that Li preferentially nucleates on Au with low 
overpotential, which could guiding the deposition of Li inside the hollow 
carbon spheres. Their discovery and understanding of Li metal nucle
ation dependency opens up opportunities for space-controlled deposi
tion. Tao et al. [29] synthesized ZnO quantum dots decorated 
hierarchical porous carbon as a framework for Li storage. Li deposition 
could be induced in the porous carbon by preformed highly conductive 
Li–Zn alloy. Zhang et al. [4] pre-plated a very thin tin layer on Cu foil, 
allowing the Li metal to first react with the Sn metal to form a Li–Sn 
alloy, which could guide the uniform deposition of Li on the Li–Sn alloy 
substrate. 

The challenge is that the lithiophilic seeds were invariably decorated 
on the outer surfaces of the porous scaffolds (Fig. 1b) by additional 
processes, and their nonuniformity and intrinsic self-agglomeration 
properties might induce the unevenness of nucleation sites and unde
sirable formation and growth of Li dendrite. 

In this work, we use non-tip and the interconnected hollow graphene 
spheres as the Li metal deposition container with internally loaded SnO2 
nanoparticles, which serve as the sources of lithiophilic Li4.4Sn seeds to 
guide uniform Li deposition inside the closed graphene spheres with 
high-areal-capacity (6 mA h cm� 2). The Li4.4Sn alloy has a low nucle
ation overpotential, and the simultaneously formed Li2O owns excellent 
Liþ ion conductive property [30]. As shown in Fig. 1c, Li metal can be 
preferentially deposited inside the hollow graphene spheres. This 
spherical Li can effectively avoid the growth of dendrites, and the closed 
encapsulation of graphene can significantly reduce the formation of SEI. 
Even when the hollow graphene spheres are completely filled with Li 
under overdeposition, Li can still be deposited on the surfaces of the 
graphene spheres. Since the connected spherical graphene can form a 
curved surface without a tip, the electronic field strength will be ho
mogeneously dispersed. Therefore, Li metal can be uniformly deposited 
in the SnO2/hollow graphene sphere (SnO2/SG) scaffolds without 
generating dendrite, thereby leading to stable cycle performance and 
high cyclic Coulombic efficiency (CE). Specifically, it is observed that 
the SnO2/SG electrode can be stable for at least 300 cycles at the current 
densities ranged from 0.5 to 5 mA cm� 2. An exceptionally low deposi
tion overpotential of 18 mV (0.5 mA cm� 2, >1000 h) and high CE of 
97.5% (over 150 cycles) are achieved. 

2. Results and discussion 

2.1. Fabrication and characterization of the SnO2/SG 

Graphene hollow sphere loaded nanosized tin oxide particles (SnO2/ 
SG) was synthesized by electrostatic self-wrapping of graphene oxide 
nanosheets and positively charged polystyrene/SnO2 nanospheres and 

Fig. 1. Schematic illustration of the Li deposition processes on (a) bare Cu foil, (b) Li4.4Sn/graphene aerogel, and (c) Li4.4Sn/graphene hollow sphere electrodes. Li 
selectively nucleates and grows inside the hollow graphene spheres owing to the lithiophilic Li4.4Sn seeds, and then deposits at the surfaces of the graphene spheres at 
over deposition, leading to a small volumetric change and no dendrites out of the electrode. 
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Fig. 2. (a) XRD pattern of the SnO2/hollow graphene sphere scaffolds (SnO2/SG). The optimized geometrical structures and corresponding binding energies (Eb) of a 
Li atom adsorbed on (b)Li4.4Sn and (c) graphene. Purple: Li in Li4.4Sn; green: Sn; yellow: Li; gray: Carbon. (d, e) TEM, f) HRTEM and (g, h) SEM images of SnO2/SG, 
presenting that the nucleation nano-seeds are uniformly dispersed within the hollow graphene spheres. (i) SEM image of SnO2/graphene aerogel. 

Fig. 3. SEM images of the Li4.4Sn/SG (a–d) and 
Li4.4Sn/GA (e–h) after plating at (a, e) 2 mA h cm� 2, 
(b, f) 4 mA h cm� 2, (c, g) 6 mA h cm� 2, and (d, h) 8 
mA h cm� 2 of Li into the electrodes, respectively. 
Note that Li is preferentially deposited inside the 
hollow graphene spheres; a smooth surface is pre
sented even when the Li4.4Sn/SG is completely 
deposited. In contrast, the tip effect would cause 
preferential Li deposition on the hump of graphene 
sheets, forming a flaky Li tips and mossy Li dendrites 
eventually on Li4.4Sn/GA electrode.   
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followed by heat treatment as described in our previous work [31]. XRD 
(Fig. 2a) shows the diffraction peaks of SnO2/SG, all of which are 
consistent with the orthorhombic SnO2 (JPCDS No. 41–1445). Fig. 2d 
and g are the TEM and SEM images of SnO2/SG showing the formation of 
an interconnected hollow graphene sphere structure with a diameter of 
about 300 nm. This structure can provide enough space for Li storage. 
Fig. 2e and f show that about 3 nm of SnO2 nanoparticles are uniformly 
dispersed in the graphene hollow spheres. The diffraction ring corre
sponds to the (110), (101) and (211) crystal planes of SnO2. The 
nano-SnO2 particles can transform into nano-Li4.4Sn after Li ions inter
calation, which is believed to have a remarkable affinity with Li. For 
fundamental understanding, DFT calculations were carried out to study 
the nucleation behavior of Li on Li4.4Sn and graphene. The Li4.4Sn has a 
large binding energy of � 2.87 eV with Li (Fig. 2b), suggesting a strong 
interaction between Li and Li4.4Sn. The binding energies of graphene to 
Li atoms at three different positions were also calculated, as shown in 
Fig. S1. The maximum binding energy (Fig. 2c) is only � 0.68 eV, which 
is smaller than that of Li4.4Sn with Li. Thus Li4.4Sn will guide Li to 
preferentially nucleate and deposit inside the graphene sphere. For 
comparison, SnO2/graphene aerogel (SnO2/GA) with nanoparticle seeds 
decorated on the outer surface of graphene sheets was also synthesized, 
as shown in Fig. 2i. It can be seen that the aerogel shows a typical 3D 
open pore structure. The micro-sized voids can also provide space for the 
deposition of Li. In addition, the edges of graphene can form many tips 
during their linkage, which will collect a certain number of electrons. 
The magnified SEM images of these two electrodes deposited on the 
surface of the copper sheets show that the surface of SnO2/SG (Fig. S2b) 
has a connected spherical shape with a highly uniform top surface 
without any distinct tip; while the surface of SnO2/GA (Fig. S2d) has 
many tips formed by the corrugated graphene sheets. 

2.2. Li metal deposition behavior 

In order to explore the growth behavior of Li with samples SnO2/SG, 
SnO2/GA and bare Cu substrate, the morphologies of the three elec
trodes at different deposition capacities after discharged to 0 V were 
analyzed by SEM. The electrodes need to be pre-cycled before deposi
tion, and SnO2 can transform into Li4.4Sn after the pre-lithiation. 
Therefore, the pre-lithiated SnO2/SG and SnO2/GA as Li4.4Sn/SG and 
Li4.4Sn/GA were obtained, respectively. Fig. 3a–c shows the top view 
SEM images of the Li4.4Sn/SG electrode with different Li deposition 
amounts. When the deposition capacities are 2 and 4 mA h cm� 2, metal 
Li does not appear on the surface of the electrode, indicating that Li is 
deposited inside the electrode material. Further enlargement shows that 
Li is preferentially deposited inside the graphene hollow sphere, which 
confirms our design, suggesting that the Li4.4Sn alloy formed at pre- 
cycling can successfully guide the preferential deposition of Li in the 
graphene sphere. At a deposition capacity of 2 mA h cm� 2, there are still 
many voids inside the sphere (Fig. 3a). Li metal is not completely filled 
with graphene sphere. When the deposition amount reaches to 4 mA h 
cm� 2 (Fig. 3b), the voids inside the sphere are almost completely filled, 
the free volume and voids between the spheres are significantly reduced. 
A large amount of spherical Li surrounded by graphene shells can be 
observed. The spherical Li can effectively prevent Li from developing 
into dendrites, and the encapsulation of graphene can also reduce the 
formation of SEI film, thereby ensuring high Columbic efficiency (CE). 

It is expected that the interior SnO2 nanoseeds should be able to 
eliminate the nucleation barrier and guide the homogeneous Li depo
sition. To verify this, pure graphene hollow spheres (SGs) without any 
load are also designed, as shown in Fig. S3a and Fig. S3b. The SGs show a 
distinctly higher nucleation overpotential (~25 mV) than Li4.4Sn/SG, as 
shown in Fig. S4a, presenting the depressed Li nucleation overpotential 
after the incorporation of lithiophilic Li4.4Sn phase. After deposition at 2 
mA h cm� 2, a large amount of metallic Li can be observed on the surface 
of SG electrode (Fig. S3c). As can be seen from a further enlarged view 
(Fig. S3d and Fig. S3e), Li is deposited along the surface of the graphene 

sphere so that the morphology of the graphene sphere cannot be clearly 
observed. Thus, the Li metal is completely exposed to the electrolyte and 
the SEI is easily formed, resulting in low CE, which can only be stably 
maintained at around 92% for 70 cycles (Fig. S4b). Therefore, the short 
cycle life (~150 h) of the SG electrode is seen. For the Li4.4Sn/GA 
electrode (Fig. 3e–h), some Li metal can be observed on the surface of 
the electrode material with deposition amounts of 2 and 4 mA h cm� 2. 
From the enlarged view of Fig. 3e2, it can be seen that the deposition of 
Li in the graphene aerogel starts from the surface of the graphene and 
forms a Li sheet rather than filling the pores of the electrode. This 
probably because of the planar distribution of tin seeds and the tip effect 
of the disordered stacked graphene sheets [32]. Especially, the tip effect 
would further cause preferential Li deposition on the hump and form a 
large number of flaky lithium tips (as marked by the yellow-dashed 
circles), which will could a potential risk of the growth of dendritic Li 
on one hand, and on the other, they are completely exposed to the 
electrolyte, which will continuously produce a SEI film on the fresh 
interface and reduce the CE. 

When the deposition amount reaches to 6 mA h cm� 2, it is observed 
that the voids inside and between the graphene spheres are completely 
filled with Li4.4Sn/SG, resulting in a smooth surface (Fig. 3c). This value 
is generally consistent with the volume of pores left by the decomposi
tion of the added polystyrene sphere templates (the specific calculation 
process is shown in Supporting Information). According to the mass 
ratio of the added polystyrene spheres, the volume are totally filled by 
active Li (with a theoretical capacity of 3860 mA h g� 1), which can be 
estimated by that the Li spheres of the pole piece can hold an aerial 
capacity of 6.23 mA h cm� 2. The slightly lower value might be attributed 
to the three factors, such as the intrinsic volume of SnO2 nucleation 
nano-seeds, the incomplete wrapping of graphene on PS and the slight 
structure collapse of the hollow spheres during calcination. Therefore, Li 
is preferentially plated inside the hollow graphene spheres with a 
negligible thickness increase of the electrode even at a high deposition 
amount of 6 mA h cm� 2 (Figs. S5a–d). Further Li deposition takes place 
at the surfaces of the graphene spheres after the void space is fully filled, 
exhibiting a uniform surface (as shown in the inset of Fig. 3c), which is 
distinctly different from the dendritic Li on the GA surface (Fig. 3e–h). 
When over-deposited to 8 mA h cm� 2, a layer of Li metal of about 10 μm 
is deposited on the surface of Li4.4Sn/SG (Fig. 3d and Fig. S5e from the 
cross-sections), agreeing with the theoretical capacity of the increased Li 
loading. This Li metal layer is very dense and uniform, which confirms 
our design that the hollow sphere structure allows the electrode to form 
a curved, tipless surface, effectively suppressing the formation of Li 
dendrite and ensuring uniform deposition of Li metal. In addition, the 
3D interconnected structure of the spherical graphene remains well 
preserved after totally stripping the plated 6 mA h cm� 2 of Li (Fig. S5f). 
The scalable Li loading with tolerable volume fluctuation demonstrates 
the excellent structural integrity of such a hollow Li4.4Sn/SG electrode. 

However, on the surface of Li4.4Sn/GA electrode (Fig. 3h), a thick 
layer of ~17 μm Li metal is formed at 8 mA h cm� 2, consisting of the 
countless erect dendrites, which cannot be combined due to the 
encapsulation of the SEI. The diameter of the dendritic Li is about 2 μm, 
which is similar in size to the Li bumps at the tip of graphene sheets for 
the electrode depositing 4 mA h cm� 2 (Fig. 3f2). Therefore, it can be 
inferred that the dendritic Li is grown from the Li on the tip of 
conductive skeleton with the scattered graphene at a large deposition 
amount. For the bare Cu substrate, a large amount of Li dendrites can be 
found on the surface at the varied deposition capacities of 2–6 mA h 
cm� 2 (Fig. S6). This is reason why the Li4.4Sn/SG and Cu electrodes fail 
quickly. 

2.3. Electrochemical performance 

Metal Li-based anodes typically have low CE and short cycle life, 
which limit their practical application. To determine whether the gra
phene hollow sphere structure can improve the Li deposition 
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performance, SnO2/SG, SnO2/GA and Cu anodes were assembled into 
coin cells with Li and cycled at the current densities of 0.5, 1, 2, 3 and 5 
mA cm� 2, respectively. Before galvanostatic cycling, 8 mA h cm� 2 of Li 
was pre-plated onto electrodes to form Li4.4Sn/SG, Li4.4Sn/GA and Cu 
electrodes, respectively. Fig. 4a shows the voltage profiles of the three 
cells with for 1 mA h cm� 2 at 0.5 mA cm� 2. It can be clearly seen that the 
Li4.4Sn/SG anode not only exhibits a low deposition overpotential (~18 
mV), but also achieves excellent cycle stability for more than 1000 h 
(~300 cycles), which means the stable Li plating/stripping processes 
forming a stable Li/electrolyte interface. However, the Li4.4Sn/GA and 
Cu electrodes show larger deposition overpotential and rapid rise in 
voltage, which could be attributed to the formation of dead Li as a result 
of uneven deposition, resulting in the pre-stored Li being quickly 
consumed. When the current density is increased to 1 mA cm� 2 (Fig. 4c), 
Li4.4Sn/GA and Cu electrodes show higher overpotential and earlier 
voltage rise. Li4.4Sn/GA electrode experiences severe voltage oscilla
tions after 175 cycles, which means that uneven Li deposition can lead to 
an unstable Li/electrolyte interface. The Li4.4Sn/SG electrode still shows 
a moderate overpotential of 34 mV after 600 h (300 cycles). The Li4.4Sn/ 
SG electrode can also be stably cycled over 300 cycles at large current 
densities of 2 mA cm� 2, 3 mA cm� 2 and even 5 mA cm� 2 (Fig. S7). Even 
when the capacity or current density is increased (Figs. S8a and b), 
Li4.4Sn/SG still shows the best cycle performance (stably cycling for 200 
h). 

Fig. 4b shows the voltage distribution of Li plating/stripping in three 
samples. As reported, the voltage dip on the plating curve is caused by 
the nucleation barrier [10,33]. From Fig. 4b, it can be seen that 
Li4.4Sn/SG and Li4.4Sn/GA have only a low nucleation overpotential of 
8 mV compared to that of SG (25 mV) and bare Cu (50 mV) due to the 
formation of highly lithophilic Li4.4Sn and the reduced local current 
density by 3D conductive framework [4]. Fig. 4d provides the voltage 

hysteresis curves upon cycling. It is shown that the voltage hysteresis of 
Li4.4Sn/SG can be stably maintained at 38 mV in 250 cycles, whereas 
that of Li4.4Sn/GA and Cu continues to increase, indicating that more 
driving force is required to maintain this current density of 0.5 mA cm� 2. 
The main reason is that the dead Li formed by Li dendrite breaks and 
continuously forms SEI after many cycles. The sudden voltage drop of 
the Cu foil battery in the figure is mainly due to the micro short circuit 
caused by the growth of dendrites. 

To further investigate the cyclic stability of these three electrodes, 
Coulombic efficiencies were evaluated under different current densities 
and deposition area capacities. Fig. 4e shows that at a current density of 
0.5 mA cm� 2 with a limited capacity of 1 mA h cm� 2, the Li4.4Sn/SG 
electrode can maintain a CE of about 97.5% after 150 cycles, while the 
initial Coulomb efficiencies of Li4.4Sn/GA and Cu electrodes are only 
90% and 82%, respectively, and decreased rapidly after 90 and 50 cy
cles. When the capacity or current density increases (Figs. S9a and b), 
Li4.4Sn/SG still exhibits the highest and the most stable CE, while those 
of two control electrodes are rapidly reduced and present large fluctu
ations. The decrease in CE can be mainly attributed to the formation of 
dendrites in Li4.4Sn/GA and Cu electrodes during the deposition process, 
which can enlarge the contact of the freshly exposed Li with the elec
trolyte, thereby increase the formation of the SEI film, causing Li to lose 
electrical contact and become dead Li, thereby greatly reduce the CE. 
Fig. S10 and Fig. S11 show the voltage curves of the three electrodes at 
different current densities and deposition area capacities. It can be found 
that the Li deposition and dissolution curves of Li4.4Sn/SG electrode 
hardly change after 150 cycles, indicating that the deposition and 
stripping processes of Li is very stable without SET thickening SEI and 
the formation of dead Li. For Li4.4Sn/GA and Cu electrodes, not only the 
amount of Li removal is decreasing, but also the deposition potential is 
increasing, indicating that the amount of dead Li is increasing and the 

Fig. 4. Voltage–time profiles of the Li4.4Sn/SG, Li4.4Sn/GA and Cu electrodes at (a) 0.5 and (c) 1 mA cm� 2 with a limited capacity of 1 mA h cm� 2; (b) voltage 
profiles of Li plating/stripping; (d) voltage hysteresis variation with cycling number; (e) Coulombic efficiencies at 1 mA cm� 2 with a capacity limited to 2 mA h cm� 2. 
(f) and (g) Nyquist plots of Cu, Li4.4Sn/GA, and Li4.4Sn/SG cells at the 10th and 100th cycles, respectively. 
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SEI is continuously thickening. The results are consistent with the 
Nyquist plots of the three electrodes after 10th and 100th cycles (Fig. 4f 
and g). The semicircle diameters of Li4.4Sn/GA and Cu electrodes are 
increased from 16 to 54 Ω in the 10th cycle to 40 and 80 Ω in the 100th 
cycle, respectively, which indicates the thickening of the SEI. In 
contrast, thinner and much stable SEI is found in Li4.4Sn/SG because it 
has a lower and almost unchanged semicircle diameter. Above 
mentioned SEM observations (Fig. 3) also show that the uniform Li 
deposition behavior makes it easier to keep SEI stable. Li4.4Sn/GA and 
Cu electrodes continue to consume Li ions and build SEI, resulting in a 
high resistance film and low CE. Eventually, the dendrites pierce the 
separator and cause a short circuit in the battery. The results of Li4.4Sn/ 

SG electrode can demonstrate that such an electrode can have high cycle 
stability compared to Li4.4Sn/GA and Cu electrodes. 

In order to better understand the deposition and stripping behavior 
of Li during cycling, top-view SEM images of the three electrodes after 
different cycles were recorded. Fig. 5a and Fig. 5d show that the surface 
of Li4.4Sn/SG is very flat after 20 and 100 cycles without the formation 
of dendritic Li or dead Li. However, there are many dendrites, pits, gaps 
and dead Li on the surface of Li4.4Sn/GA, and at the same time, there is a 
larger amount of dead Li with thick SEI on the surface of bare Cu sub
strate. The generation of dendrites and dead Li can significantly decrease 
the CE of the electrode, which is also responsible for the high deposition 
overpotentials of Li4.4Sn/GA and Cu. The main reason for this is that the 

Fig. 5. Top-view SEM images of (a, d) Li4.4Sn/SG, (b, e) Li4.4Sn/GA and (c, f) Cu electrodes after 20 cycles and 100 cycles at 2 mA cm� 2. Li4.4Sn/SG presents the flat 
and dendrite-free surfaces upon cycling; whereas a larger amount of dead Li with thick SEI are observed in Li4.4Sn/GA and bare Cu electrodes. 

Fig. 6. (a) Rate capability under various rates from 0.1C to 2C. (b) Corresponding charge/discharge curves of the full cells at 2C. (c) Cycling performance of the 
Cu–LikLFP, Li4.4Sn/GA-LikLFP and Li4.4Sn/SG-LikLFP full cells at 1C (d) Nyquist plots of Cu–LikLFP, Li4.4Sn/GA-LikLFP and Li4.4Sn/SG-LikLFP full cells at the initial 
and 100th cycles. 
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local current density is not uniform during the initial deposition, 
resulting in non-uniform nucleation of Li on the Li4.4Sn/GA and Cu 
material surfaces, leading to the formation of dendrite in the subsequent 
cycles. The growth of Li then continues along the already grown den
drites until the break and the formation of the dead Li. The 3D hollow 
sphere structure of Li4.4Sn/SG can not only encapsulate Li in the sphere 
to avoid the generation of dendrites, but also provide a tipless surface to 
reduce the local current density, thereby guiding the uniform deposition 
of Li. 

In order to validate the feasibility of Li4.4Sn/SG-Li anode for the 
application of practical battery system, commercial LiFePO4 (LFP) 
cathode with a high surface load of 12 mg cm� 2 (2.0 mA h cm� 2) was 
paired with Cu–Li, Li4.4Sn/GA-Li, and Li4.4Sn/SG-Li anodes to assemble 
full cells. It can be seen that Li4.4Sn/GA-LikLFP shows the best rate 
performance (Fig. 6a) due to the low resistance caused by uniformly 
deposited Li. Even at 2C, Li4.4Sn/SG-LikLFP still has a discharge capacity 
of about 140 mA h g� 1. In addition, Li4.4Sn/SG-LikLFP also shows the 
smallest charging polarization (Fig. 6b), which corresponds to the lower 
lithium deposition overpotential of the Li4.4Sn/SG-Li electrode (Fig. S7). 
Fig. 6c illustrates the cycle stability at 1.0C. Li4.4Sn/SG-LikLFP full cells 
can be cycled for more than 100 cycles with a capacity of 150 mA h g� 1, 
while the capacity of Li4.4Sn/GA-LikLFP and Cu–LikLFP begins to decay 
at 15 cycles due to the formation of large amounts of dead Li, which 
corresponds to their uneven Li deposition behavior. Therefore, the 
impedance of Li4.4Sn/GA-LikLFP and Cu–LikLFP increases significantly 
after 100 cycles, while the impedance of Li4.4Sn/SG-LikLFP is almost 
unchanged, which is all due to the uniform lithium deposition of the 
Li4.4Sn/SG-Li electrode. 

3. Conclusion 

In summary, we have successfully fabricated a closed three- 
dimensional hollow graphene sphere with an internal load of Li4.4Sn 
nanoparticles (Li4.4Sn/SG), obtained by Li intercalation of nano-SnO2, 
for stable Li metal anodes without dendrite. Such Li4.4Sn nanoparticles 
are uniformly encapsulated inside the graphene spheres. Both DFT cal
culations and experimental studies have shown that Li4.4Sn has a higher 
binding energy for Li and a lower nucleation overpotential for Li than 
graphene. Therefore, it can induce the nucleation and growth processes 
of Li occurring in the hollow spheres to avoid the growth of Li dendrite 
and reduce the formation of SEI. Moreover, even after the hollow 
spheres are filled with Li metal, Li can still deposit on the surfaces of the 
graphene spheres to obtain a dense Li metal layer free of dendrite due to 
that the connected and smooth spherical surface can intrinsically repel 
tip effect. In this way, the obtained Li4.4Sn/SG-Li anode exhibits a long 
cycle life of more than 1000 h (300 cycles) and a high CE (97.5% 
retention after 150 cycles). We believe that the design of this closed 
hollow spherical structure with lithiophilic nanoparticle seeds inside is a 
promising strategy to accommodate Li, and can provide an inspiration to 
the design principles for Li metal anodes. 
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