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Tin (Sn) metal foil is a promising anode for next-generation high-energy–density lithium-ion batteries
(LIBs) due to its high capacity and easy processibility. However, the pristine Sn foil anode suffers nonuni-
form alloying/dealloying reaction with lithium (Li) and huge volume variation, leading to electrode pul-
verization and inferior electrochemical performance. Herein, we proposed that reduced grain size and
elaborate porosity design of Sn foil can circumvent the nonuniform alloy reaction and buffer the volume
change during the lithiation/delithiation cycling. Experimentally, we designed a three-dimensional inter-
connected porous Sn (3DIP-Sn) foil by a facile chemical alloying/dealloying approach, which showed
improved electrochemical performance. The enhanced structure stability of the as-fabricated 3DIP-Sn foil
was verified by chemo-mechanical simulations and experimental investigation. As expected, the 3DIP-Sn
foil anode revealed a long cycle lifespan of 4400 h at 0.5 mA cm�2 and 1 mAh cm�2 in Sn||Li half cells. A
3DIP-Sn||LiFePO4 full cell with LiFePO4 loading of 7.1 mg cm�2 exhibited stable cycling for 500 cycles with
80% capacity retention at 70 mA g�1. Pairing with high-loading commercial LiNi0.6Co0.2Mn0.2O2 (NCM622,
18.4 mg cm�2) cathode, a 3DIP-Sn||NCM622 full cell delivered a high reversible capacity of 3.2 mAh cm�2.
These results demonstrated the important role of regulating the uniform alloying/dealloying reaction and
circumventing the localized strain/stress in improving the electrochemical performance of Sn foil anodes
for advanced LIBs.
� 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Rechargeable lithium-ion batteries (LIBs) dominate the market
of portable electronics and electric vehicles, owing to their advan-
tages of high energy density, long cycle life, and slow self-
discharge rate [1–5]. To meet the ever-growing market demands,
tremendous efforts have been devoted to improving the energy
density of LIBs by exploring high-capacity alloy-type anodes (e.g.,
Si, Sn, and Ge) to replace the traditional intercalation-type graphite
anode with limited capacity (372 mAh g�1, 818 mAh cm�3) [6–12].
Among the alloy-type anodes, Sn metal possesses good electrical
conductivity (9.1 � 106 S m�1), high lithium (Li) storage capacity
(990 mAh g�1, 7254 mAh cm�3), and low cost [13,14], and thus
is a promising anode for next-generation high-energy-density-
LIBs. However, Sn-based anodes suffer from drastic volume
changes (up to 260% for full lithiation from Sn to Li4.4Sn) and stress
during the charge/discharge processes, resulting in the pulveriza-
tion of the materials and even peeling off from the current collec-
tor, and thus rapid capacity degradation [15,16]. Till now, several
successful strategies have been developed to address the above
issues at the particle level, including preparing Sn nanoparticles
[17], embedding Sn nanoparticles into carbon matrix [10,11,18],
and designing Sn-based alloy nanoparticles [19–21]. Although
the specific capacity and cycling stability have been improved,
the fabrication of these Sn nanostructures is complicated, and
these electrodes generally present a low tap density and take in
a high amount of electrolyte during the cell fabrication, which
severely reduces the overall energy density of LIBs.

In contrast to particle-based Sn metal electrodes, Sn metal foil
has excellent processability and good volumetric capacity, and
reserved.
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does not need to involve the regular electrode fabrication process
including slurry coating, electrode baking and calendaring before
battery assembly, which is desirable for a practical battery anode
[22–24]. To realize an applicative Sn foil electrode, the following
challenges should be addressed regarding to the chemo-
mechanical stability: (i) The completely compact structure of the
foil electrode cannot endure volume change and mitigate stress
during the lithiation/delithiation processes of Sn, which easily
causes the fast pulverization and failure of the foil electrode com-
pared to the particle-based electrodes with certain porosity. (ii) Sn
foil electrode often shows too less accessible surface area to liquid
electrolyte and inferior electrolyte wettability compared with the
particle-based porous electrodes, which leads to a severe local
alloying reaction and large deformation nonhomogeneity; (iii)
due to the higher Li diffusivity at the grain boundaries (GBs) than
that in the bulk [25–27], electrochemical reaction would take place
preferentially at the GBs in metal foil, resulting in the further
strain/stress localization and subsequent pulverization of the foil
electrode during the Li lithiation/delithiation processes. Although
previous study indicated that the introduction of Ag and Cu com-
ponents into Sn foil could refine the grain size of Sn metal [28],
one still has to address the above-mentioned chemo-mechanical
concerns simultaneously, which is significantly essential for the
development of high-capacity, failure-resistant, and long-cycle-
life Sn based electrodes for the next-generation LIBs.

Herein, we explored a facile chemical alloying/dealloying
approach to fabricate a three-dimensional interconnected porous
Sn (3DIP-Sn) foil through spontaneous reaction between Li metal
and Sn foil to form a Li-Sn alloy and its subsequent reduction to
metallic Sn in solution. The as-formed 3DIP-Sn layer possesses
thickness of ~ 25 lm, and average nanopore size and porosity
of ~ 300 nm and 58.7%, respectively. Such 3DIP-Sn foil can effec-
tively refine grain size, eliminate the effect of GBs, improve elec-
trolyte wettability, and buffer volume change, thereby
homogenizing the alloying/dealloying reaction and mitigating local
strain/stress during the cycling of Sn foil, realizing a highly rever-
sible battery anode. As expected, the 3DIP-Sn foil electrode exhib-
ited a prolonged cycle lifespan of 4400 h at 0.5 mA cm�2 and 1 mAh
cm�2 in Sn||Li half cells. When paired with a commercial LiFePO4

cathode (7.1 mg cm�2), the full cell sustained cycling for 500 cycles
with 80% capacity retention at 70 mA g�1. Moreover, a high rever-
sible capacity of 3.2 mAh cm�2 was achieved in 3DIP-Sn foil||
NCM622 full cells with a high cathode mass loading of
18.4 mg cm�2.
2. Results and discussion

Fig. 1(a and b) shows the schematic illustration of the electro-
chemical lithiation processes of Sn foils with different structures.
Due to the GB effects, the pristine Sn foil with large-sized grains
undergoes non-uniform lithiation during the electrochemical reac-
tion, resulting in huge localized volume expansion and stress
inside the foil, accompanied by cracks and the exposure of fresh
active regions. Such behavior leads to the continuous extension
of the lithiation reaction into the interior of the Sn foil, which even-
tually pulverizes the foil. Therefore, mitigating the problems
caused by GBs and volume expansion simultaneously is the key
to achieve a highly stable Sn foil anode. We believe that the ideal
Sn foil anode should possess the structural characteristics of
refined grain size and appropriate porosity simultaneously to
ensure the desired electrochemical reversibility of the electrode,
as, on one hand, the grain refinement can improve the homogene-
ity of lithiation reaction and, on the other hand, the porous struc-
tures will help to buffer the Li insertion induced volume change
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and stress [29] (Fig. 1b). To demonstrate this concept, chemo-
mechanical simulations were conducted by coupling lithiation/
delithiation kinetics with elasto-plastic large deformation to reveal
the effects of grain size (related to the density of GBs) and pores on
the lithiation behavior of Sn foils [30]. Fig. 1(c and d) shows the
simulated time series snapshots of Li and effective stress (von
Mises stress) distributions in Sn foils, respectively. As shown in
Fig. 1(c), the blue color indicates the unlithiated phase (c = 0),
while the red represents the fully lithiated phase (c = 1). The tran-
sition from blue to red denotes the lithiation/delithiation reaction
front [30,31]. The corresponding movie (Movie S1) was provided in
Supporting Information. Assuming the perfect contact between the
top surface of Sn foils and electrolyte, Li flowed into the foils along
the thickness direction. Due to the much higher Li diffusivity in the
GB region than that in the bulk, Li preferred to migrate along GBs
first, causing non-uniform lithiation. For the Sn foil with large-
sized grains, the non-uniform lithiation was so severe that cracks
nucleated and propagated along GBs. However, with the decrease
of grain size, the density of GBs increased, generating a more uni-
form lithiation pattern in the small-grain Sn foil. Such promoted
lithiation homogeneity contributed to a much tougher behavior
of small-grain Sn foil than that of large-grain Sn foil, even though
damage still occurred at certain GBs inside the foil indicated by
the relaxation of local stress in Fig. 1(d). Moreover, with the intro-
duction of randomly distributed pores inside the small-grain Sn
foil, the damage at the grain boundaries can even be avoided with
the same Li loading.

Inspired by the above analyses and results, we designed a 3DIP-
Sn foil using a facile chemical alloying/dealloying method through
spontaneous reaction between Li metal and Sn foil to form a Li-Sn
alloy at room temperature and subsequent reduction to metallic Sn
in solution. As illustrated in Fig. 2(a), a Sn foil and a Li foil were
firstly stacked together and calendared by a roller in a glove box.
The closely-contact Li and Sn foils were subsequently treated at
100 �C for 2 h to produce a Li/LixSn/Sn hybrid. After the exfoliation
of the top Li foil layer, the LixSn/Sn composite foil was then
immersed into ethanol (with 5 wt% water) for 12 h, leading to
the generation of a 3DIP-Sn foil featured with an interconnected
3D activated nanoporous Sn layer on a dense Sn layer, the latter
of which could serve as the current collector of the electrode. As
shown in Fig. 2(b), the pristine Sn foil showed a smooth surface
with the average grain size of ~ 83 lm (Fig. 2c and d). After
mechanical rolling and heating treatment, the color of the Sn foil
turned from silvery white to dark gray (Fig. S1a and b), suggesting
the reaction between the metallic Sn and Li. X-ray diffraction
(XRD) pattern indicated that the product of alloying reaction
between Li and Sn was Li13Sn5 (Fig. S2). According to the result
of electrochemical Li extraction measurement in half cells, the
overall Li involved in Li13Sn5 was 3.05 mAh cm�2 (Fig. S3), implying
that the as-prepared 3DIP-Sn foil anode could accommodate 3.05
mAh cm�2 of active Li. After washing with ethanol, the obtained
3DIP-Sn foil showed an interconnected nanoporous surface layer
with the average pore size of ~ 300 nm (Fig. 2e). The thickness of
3DIP layer was ~ 25 lm (Fig. 2f), which can be adjusted by using
different heating temperature for alloying reaction (Fig. S4). The
high-angle annular dark field detector (HADDF) image (Fig. 2g) fur-
ther revealed that the grain size of the 3D interconnected porous
layer was about 300–500 nm, indicating the much-refined grain
size after structure reconstruction of the Sn foil. In addition, the
XRD pattern in Fig. S5 manifested the pure Sn phase of the 3DIP-
Sn foil, demonstrating the successful chemical dealloying reaction
of Li13Sn5 intermediate. With the elimination of Li, the color of the
3DIP-Sn foil finally changed into grey (Fig. S1c). As shown in
Fig. S6, the as-prepared 3DIP-Sn foil could be folded or twisted
without any fracture, indicating the excellent connection of the



Fig. 1. (a and b) Schematic illustrations of the electrochemical lithiation processes of Sn foils with different structures. Chemo-mechanical simulated time series snapshots of
(c) Li and (d) effective stress distributions in Sn foils with large-sized grain, small-sized grain, and small-sized grain and porous structures, respectively.

Fig. 2. (a) Schematic illustration of the fabrication process of the 3DIP-Sn foil. (b) Top-view SEM image, (c) the electron-backscatter diffraction (EBSD) inverse pole figure map,
and (d) the grain size distribution of the pristine Sn foil. (e) Top-view, (f) cross-section SEM, and (g) HAADF images of the 3DIP-Sn foil. The insets in (e and f) showed the
enlarged SEM images for the 3DIP-Sn foil.
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3D interconnection porous layer with the bottom compact current
collector and thus the enhanced mechanical stability of the active
material – current collector integrated structure.
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To investigate the electro-chemo-mechanical behaviors of the
3DIP-Sn electrode, electrochemical lithiation measurement with
the combination of structure investigation was carried out. As



Fig. 3. Contact angle measurements for the electrolyte on the surfaces of (a) 3DIP-Sn and (b) pristine Sn foils, respectively. The digital images of (c) 3DIP-Sn and (f) pristine Sn
foil anodes after electrochemical lithiation at 3 mAh cm�2 at 1 mA cm�2. Cross-section SEM images of (d and e) 3DIP-Sn and (g and h) pristine Sn foil electrodes after
electrochemical lithiation.
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shown in Fig. 3(a and b), the electrolyte droplet maintained a large
contact angle of 35.5� on the surface of the pristine Sn foil, suggest-
ing inferior wettability, while the instantaneous spread of the dro-
plet on the surface of the 3DIP-Sn foil (0.1 s, contact angle of nearly
0�) led to the thoroughly wetting of the electrode. Such signifi-
cantly improved electrolyte wettability of the 3DIP-Sn foil can be
attributed to the three-dimensional interconnected porous struc-
ture of the foil, which can enlarge the effective electrochemical
contact area and promote the uniform lithiation/delithiation reac-
tion. As lithiated with a fixed areal capacity of 3 mAh cm�2 at
1 mA cm�2 in a 3DIP-Sn||Li half-cell, the 3DIP-Sn foil electrode
showed homogeneous alloying reaction to produce Li13Sn5

(Fig. S7) with its color changed completely from the initial light
gray to dark gray (Fig. 3c). The SEM images in Fig. 3(d and e)
revealed that the improved electrolyte wettability and the refined
grain size (increased GB density) together can finally lead to the
uniform lithiation behavior in the 3DIP-Sn foil. After full lithiation,
the thickness of the active layer was still maintained around 25 lm
with no obvious volume expansion observed, indicating that the
lithiation induced volume change was effectively buffered by the
nanoporous structure in the active layer. Thus, no cracks showed
up in the active layer or the current collector layer of the 3DIP-
Sn foil, demonstrating the well-maintained structure integrity. In
contrast, the alloying reaction in the pristine Sn foil was inhomoge-
neous under the same test condition, with only part of the Sn foil
got lithiated (Fig. 3f). As revealed by the XRD pattern in Fig. S7,
the lithiation product consisted of mixed phases of Li7Sn2 and Li13-
Sn5, suggesting the nonuniform electrochemical lithiation reaction
in the pristine Sn foil. The cross-section SEM images of the lithiated
pristine Sn foil (Fig. 3g and h) showed the thickness of the lithiated
phase in certain region reached up to ~ 45 lm, while at some loca-
tions the thickness was negligible. In addition, the magnified image
(Fig. 3h) clearly revealed that Li flowed into the foil primarily along
GBs first. Such nonuniform lithiation behavior would certainly gen-
erate huge localized deformation and stress that in turn lead to the
more severely nonuniform reaction due to the chemo-mechanical
coupling effect. Impressively, cracks with the size larger than
10 lm were observed in the lithiated pristine Sn foil along GBs
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due to the stress concentration caused by the nonuniform lithia-
tion. With further lithiation, the propagation of the cracks would
finally lead to the pulverization of the pristine Sn foil electrode.
The comparison between the pristine Sn and the 3DIP-Sn foil elec-
trodes evidently revealed the distinct advantages of the 3DIP-Sn
foil toward chemo-mechanical failure resistant electrode, includ-
ing: (i) The nanoporous structure can alleviate the overall electrode
volume variation during the charge/discharge processes; (ii) the
improved electrolyte wettability can homogenize the electrochem-
ical reaction and eliminate the localized deformation/stress; (iii)
the grain refinement helps to mitigate the GB effects and further
homogenize the alloying/dealloying reaction of Sn.

The electrochemical performance of the pristine Sn and 3DIP-Sn
foil electrodes in the coin-type half cells at various current densi-
ties with Li foil as the counter electrode was presented here. As
shown in Fig. 4(a and b) and S8, the pristine Sn foil anode delivered
a cycle lifespan for less than 1000 h at a current density of
0.5 mA cm�2 with a capacity of 1.0 mAh cm�2. The short cycle life
could be ascribed to the uneven alloying/dealloying reaction and
drastic volume variation during the electrochemical cycling. In
contrast, the 3DIP-Sn foil electrode presented a much longer cycle
lifespan of 4400 h under the same test condition due to the uni-
form electrochemical alloying/dealloying processes and effective
strain/stress mitigation in the porous structure. When the current
density increased to 2 mA cm�2, the 3DIP-Sn foil still exhibited
stable cycling for over 250 h, significantly longer than that of the
pristine Sn foil (~80 h). The comparison of the potential hysteresis
of both electrodes cycled at 0.5 mA cm�2 and 1 mAh cm�2 (Fig. 4c)
further showed that the polarization voltage of the pristine Sn foil
electrode increased gradually from 0.16 to 0.4 V within 1024 h (i.e.,
the 256th cycle), while the 3DIP-Sn foil electrode displayed a much
lower and more stable polarization voltage of 0.12 V after 4400 h
(i.e., the 1100th cycle). Large voltage polarization of pristine Sn foil
may arise from its inferior wettability and low accessible surface to
the electrolyte, and large GBs.

Fig. 4(d) and S9 show the voltage profiles of the 3DIP-Sn foil and
pristine Sn foil electrodes at 0.5 mA cm�2 and 1 mAh cm�2, respec-
tively. The 3DIP-Sn foil electrode exhibited a stable lithiation volt-



Fig. 4. Galvanostatic cycling performance of the pristine Sn and 3DIP-Sn foil electrodes in half cells using Li metal as the counter electrode at (a) 0.5 mA cm�2 and 1 mAh cm�2
,

and (b) 0.5 mA cm�2 and 1 mAh cm�2. (c) Potential hysteresis of the pristine Sn and 3DIP-Sn foil electrodes at different cycles at 0.5 mA cm�2 and 1 mAh cm�2. (d) Voltage profiles
of the 3DIP-Sn foil electrode at different cycles at 0.5 mA cm�2 and 1 mAh cm�2. (e) EIS spectra of the 3DIP-Sn foil electrode after different cycles. The inset shows the
corresponding fitted equivalent circuit diagrams.
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age plateau at 0.42 V on cycling, indicating the uniform alloying
reaction. However, the different potential curves of the pristine
Sn foil electrode displayed continuously varying voltage plateaus
during cycling. Such unstable voltage plateaus indicated the differ-
ent extents of electrochemical reaction and utilization of active Sn,
further demonstrating the nonuniform electrochemical reaction
and unstable electrode structure of the pristine Sn foil electrode.

As shown by the SEM images of the two electrodes after 100
cycles at 2 mA cm�2 and 1.0 mAh cm�2 (Fig. S11), severe pulveriza-
tion was observed for the pristine Sn foil electrode, while the struc-
ture of the 3DIP-Sn electrode remained intact and showed
only ~ 28% volume expansion after 100 cycles (with thickness
increase from 25 to 32 lm), similar to the graphite electrode.
The improved electrochemical stability of the 3DIP-Sn foil was fur-
ther confirmed by the results of electrochemical impedance spec-
troscopy (EIS) measurements, the Nyquist plots of the 3DIP-Sn
and pristine Sn foil anodes and corresponding equivalent circuit
are depicted in Fig. 4(e) and S12. The fresh anodes show one semi-
circle at the high-frequency region and a straight line in the low-
frequency region for both electrodes, corresponding to the charge
transfer resistance (Rct) and diffusion of lithium ions. Before
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cycling, Rct of the 3DIP-Sn foil electrode (42 X) was much lower
than that of the pristine Sn foil electrode (310 X). After 5 cycles,
the two semicircles appeared the high-frequency region, repre-
senting the resistance of the SEI film (RSEI) and Rct, respectively.
The Rct of the 3DIP-Sn foil electrode decreased to 21 X and then
kept stable along with cycling, suggesting good interface stability.
As to the pristine Sn foil anode, although the Rct decreased to 143X
and 24X at the 5th and 50th cycles, respectively, slightly increased
to 28X at the 100th cycle (Fig. S12). Besides, 3DIP-Sn foil displayed
much smaller and more stable RSEI (7 X and 8 X at 5th and 100th
cycles, respectively) in comparison to pristine Sn foil (98 X and
47 X at 5th and 100th cycles, respectively), further indicating that
the advancement of the 3DIP-Sn foil electrode. Such unstable per-
formance, increased Rct and large RSEI after electrochemical activa-
tion for the pristine Sn foil, in turn, demonstrated the much-
improved structural stability and electrochemical performance of
the 3DIP-Sn foil electrode.

To further understand the effect of 3D nanoporous structure on
the lithiation/delithiation behaviors of Sn foil, chemo-mechanical
simulations were conducted herein. For comparison, pristine Sn
foil was also studied. Fig. 5 shows the simulated time series snap-



Fig. 5. Chemo-mechanical simulated time series snapshots of (a) Li and (b) effective stress distributions on the cross-section of circular-shaped pristine Sn and 3DIP-Sn foils
during lithiation/delithiation processes, respectively.
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shots of (a) Li and (b) effective stress distributions on the cross sec-
tion of circular-shaped pristine Sn foil and 3DIP-Sn foil, respec-
tively. The corresponding movie (Movie S2) was provided in
Supporting Information. As shown in Fig. 5(a), during lithiation,
Li covered the top surface of the circular Sn foil that contacted with
electrolyte first and then flowed into the foil along the thickness
direction. With Li insertion, a highly incompatible strain was gen-
erated at the reaction front, which, on the one hand, could lead to
the expansion of the lithiated phase upward. For the same lithia-
tion thickness, the volume expansion of the pristine Sn foil was
much larger than that of the 3DIP-Sn foil, indicating that the poros-
ity could effectively mitigate the Li insertion-induced volume
strain. On the other hand, excessive stress both at and closely
behind the reaction front was caused in the foils (Fig. 5b). Even
though Li insertion-induced stress in the foil far away from the
reaction front could be alleviated by the creep behavior of Sn and
LixSn phases, the level of stress near the reaction front was too high
to be relaxed in the pristine Sn foil. In contrast, the creep behavior
of the 3DIP-Sn foil was highly promoted by the interconnected net-
work structure, leading to the fast relaxation of the generated
stress. During delithiation process, the Li extraction-induced stress
could also be effectively alleviated by the interconnected porous
structure, resulting in the recovery of the 3DIP-Sn foil to its original
shape after full delithiation. Therefore, the 3DIP-Sn foil always suf-
fered much less volume change and stress than the pristine Sn foil,
contributing to the promoted electrochemical performance of the
3DIP-Sn foil observed in our experiments.

Moreover, full cells were fabricated using LiFePO4 and LiNi0.6-
Co0.2Mn0.2O2 (NCM622) as the respective counter electrode to fur-
ther explore the electrochemical performance of the 3DIP-Sn foil
electrode. The Cyclic Voltammetry (CV) curves of 3DIP-Sn||
LiFePO4 and pristine Sn||LiFePO4 cells were recorded at a scanning
rate of 0.1 mV s�1 in the voltage range of 2.0–3.7 V (Figs. S13 and
S14). The 3DIP-Sn||LiFePO4 cell presented a single oxidation peak
at 2.66 V and a reduction peak at 2.92 V, while pristine Sn||LiFePO4

cell showed two redox peaks, which was in good agreement with
the charge/discharge curves of the Sn||Li half cells. The evolutions
of capacity and Coulombic efficiency (CE) of the cells with LiFePO4
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loadings of 1.8 and 7.1 mg cm�2 are shown in Fig. 6(a and b). Due
to the unstable electrochemical property, the pristine Sn||LiFePO4

cells showed varying capacities during the cycling, with the capac-
ity increased first due to the activation process of pristine Sn foil
and then decayed rapidly owing to the chemo-mechanical failure
of the electrodes. As displayed in Fig. 6(a), the capacity of the pris-
tine Sn||LiFePO4 cell was 99.1 mAh g�1 initially, and it increased to
129.7 mAh g�1 after 60 cycles and then decayed to 70.5 mAh g�1

after 300 cycles 1C (1.4 mg cm�2, 1C = 170 mA g�1). In contrast,
the 3DIP-Sn||LiFePO4 cell exhibited a much higher initial specific
capacity of 137.6 mAh g�1 and an initial CE of 87.4%. After running
for 500 cycles at 1C (1.8 mg cm�2, 1C = 170 mA g�1), 80% capacity
was still retained, indicating the excellent cyclability of the cell.
When the mass loading of LiFePO4 increased to 7.1 mg cm�2, the
3DIP-Sn||LiFePO4 cell also showed good cycle stability with a
high-capacity retention of 80% after 500 cycles at 70 mA g�1

(Fig. 6b). Such improved electrochemical performance of the
3DIP-Sn electrode can be attributed to the elaborately designed
3D interconnected porous structure with highly refined grain size,
which can effectively buffer volume change and mitigate the local-
ized stress and subsequent damage that suffered by the pristine Sn
electrode during Li insertion /extraction. More impressively, when
pairing 3DIP-Sn foil against NCM622 cathode with ~ 18.4 mg cm�2

active material loading for higher full-cell voltage output (Fig. S15),
the 3DIP-Sn||NCM622 cells delivered a high initial areal capacity
of ~ 3.2 mAh cm�2 at 35 mA g�1, and a reversible capacity
of ~ 2.3 mAh cm�2 was well maintained after 100 cycles at
70 mA g�1 (Fig. 6c), demonstrating the potential capability of the
3DIP-Sn foil electrode for practical application.

In addition, the 3DIP-Sn||LiFePO4 full cell exhibited outstanding
rate capability in comparison to the pristine Sn||LiFePO4 cell. The
capacities of 3DIP-Sn||LiFePO4 cell were 140.9, 136.4, 130.0,
120.3, 100.3, and 80.0 mAh g�1 at the current rates of 0.2, 0.5,
1.0, 2.0, and 10.0C, respectively (Fig. 6d). As shown in Fig. 6(e)
and S16, the 3DIP-Sn||LiFePO4 cell displayed one charge/discharge
plateaus while the pristine Sn||LiFePO4 cell showed two voltage
plateaus, consistent with the CV results in Figs. S13 and S14. More-
over, the 3DIP-Sn||LiFePO4 cell delivered a lower overpotential



Fig. 6. Electrochemical cycling performance of the pristine Sn||LiFePO4 and 3DIP-Sn||LiFePO4 cells with LiFePO4 loadings of (a) 1.7 mg cm�2 and (b) 7.1 mg cm�2, respectively.
(c) Cycling performance of the pristine Sn||NCM622 and 3DIP-Sn||NCM622 cells with NCM622 loading of ~ 18.4 mg cm�2. (d) Rate capabilities of the pristine Sn||LiFePO4 and
3DIPA-Sn||LiFePO4 cells at various current densities with LiFePO4 loading of ~ 1.7 mg cm�2, and (e) the corresponding galvanostatic charge/discharge profiles for the 3DIP-Sn||
LiFePO4 cells. (f) Rate capabilities of the pristine Sn||LiFePO4 and 3DIP-Sn||LiFePO4 cells at various current densities with a LiFePO4 loading of ~ 7.1 mg cm�2.
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than that of the pristine Sn||LiFePO4 cell at various current densi-
ties. For example, the overpotential of 3DIP-Sn||LiFePO4 cell was
0.11 V at 0.2C, lower than 0.36 V for the pristine Sn||LiFePO4 cell.
The rate performance of the 3DIP-Sn||LiFePO4 cells was further
studied with high LiFePO4 mass loading of ~ 7.1 mg cm�2

(Fig. 6f), which delivered the specific capacities of 142.9, 138.0,
129.9, 118.2, and 98.3 mAh g�1 at the current densities of 35, 70,
140, 280, and 560 mA g�1, respectively. When the current density
was turned back to 35 mA g�1, a high reversible capacity of 141.2
mAh g�1 was recovered. In contrast, only a low capacity of 70.1
mAh g�1 could be obtained for the pristine Sn||LiFePO4 cell under
the same test condition, demonstrating the outstanding rate capa-
bility and cycle performance of the 3DIP-Sn||LiFePO4 cells with
moderately high LiFePO4 loading.
3. Conclusions

In summary, a 3DIP-Sn foil electrode was fabricated by a facile
chemical alloying/dealloying approach. The 3D interconnected
porous structure of the Sn foil could buffer the volume variation
and improve the electrolyte wettability, and the refinement of
grain size could eliminate the GB effects, and thus mitigate the
stress localization during the lithiation/delithiation processes. Con-
483
sequently, a long cycle lifespan of 4400 h was achieved for the
3DIP-Sn foil electrode in a half-cell configuration at 0.5 mA cm�2

and 1 mAh cm�2. Pairing with LiFePO4 cathode with a high active
mass loading of ~ 7.1 mg cm�2, the 3DIP-Sn||LiFePO4 cell exhibited
outstanding stable cycling with a high-capacity retention of 80%
after 500 cycles at 70 mA g�1. Moreover, the 3DIP-Sn||NCM622 full
cell with cathode active mass loading of ~ 18.4 mg cm�2 displayed
a high reversible capacity of 3.2 mAh cm�2. This work sheds light
on the important role of rational structure design in circumventing
chemo-mechanical failure and enabling a stable high-capacity bat-
tery electrode for advanced LIBs.
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