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Abstract

In this paper, novel three dimensional hierarchical porous Sn-Ni (3D-HP Sn-Ni)
alloys were investigated as a promising anode for high-performance Li ion batteries
(LIBs), which was fabricated by pulse electrodeposition of mesoporous Sn-Ni alloy
made of ultrafine nanoparticles on the 3D nanoporous copper substrate from chemical
dealloying of as-cast AlssCuss (at.%) alloy slices in the HCI solution. The results show
that the as-obtained 3D-HP Sn-Ni alloys are typically characteristic of open,
bicontinuous, interpenetrating bimodal pore size distribution comprising large-sized
(hundreds of nm) ligament-channel network architecture with highly porous channel
walls (several nm). Compared to the two dimensional nanoporous Sn-Ni (2D-NP
Sn-Ni) thin films, the 3D-HP Sn-Ni alloys as anode for LIBs show superior cycling
stability with reversible specific capacity of 0.25 mAh cmand coulombic efficiency
of more than 95% upto 200 cycles. Moreover, the reversible capacity as high as 0.22
mAh cm can be achieved even after a series of high-rate charge-discharge cyclings.
The satisfactory electrochemical properties can be mainly ascribed to the unique 3D
hierarchical porous structure, large contact surface area between active material and
electrolyte, as well as good buffer effect of inactive component, which is greatly
beneficial to alleviate the huge volume variation, enhance the loading mass of active
material, shorten the Li* migration distance and improve the electron conductivity. We
believe that this present work can provide a promising anode candidate towards
practical application of high-performance LIBs.
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1. Introduction

Nowadays, LIBs have become the primary power device for portable electronic
products. Typically, the rapid development of pure/hybrid electric vehicles has put
forward an urgent demand for LIBs with higher energy density and longer cycle life
[1, 2]. Unfortunately, their further improvements are severely hindered by traditional
graphite anode due to the relatively low theoretical specific capacity (=372 mAh g*1)
and markedly low Li-insertion potential (close to the deposition potential of metal Li).
Therefore, it is urgent for us to search for alternative anode materials with higher
theoretical capacity and more proper lithiation potential to meet the demands for
next-generation LIBs. In recent years, tin has been increasingly recognized as an ideal
anode candidate to potentially replace graphite in advanced LIBs, thanks to its high
theoretical capacity (994 mAh g1), environmentally friendly and abundant reserves in
earth’s crust [3-5]. However, the key challenge to prevent tin from practical utilization
is its huge volume variation during charge-discharge processes, easily resulting in the
fast pulverization, mechanical disintegration and terrible cycling performance [6-9].

A substantial of research efforts have been devoted to surmount the obstacles with
the final objective to achieve tin efficient utilization and enhance its cycle life. Among
them, the rational structure and composition design of tin anode to accommodate the
volume variation is proved to be effective pronouncedly [3-13]. On one hand, various
nanostructures gained considerable attention and exploration, such as nanorods
[15-17], nanotubes [18-20], nanospheres [11, 21] and nanoporous structures [22-28].

The primary goal to use these nanostructures was to effectively alleviate the huge
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volume change in the process of lithiation/de-lithiation, and increase the contact area
between electrode and electrolyte for enhanced electrochemical reaction. On the other
hand, introducing inactive components to build active/inactive composite system is
also an effective approach to improve tin’s electrochemical property [5, 29-31].
Evidently, it can buffer the volume expansion and particle aggregation of tin during
repeated cyclings because inactive components can serve as cushions to relax the
mechanical stress during the lithiation/de-lithiation processes. Among various
tin-inactive species, Sn-Ni alloy has received increasingly attention due to its
excellent physicochemical property, matching attribute and cushioning effect.
Typically, Bruno Scrosati et al. reported the NisSns anode with nanorod arrays
exhibiting the high specific capacity of 500 mAh g at the 200th cycle through a
template synthesis procedure [29]. The 3D porous reticular Sn-Ni alloy prepared by
Ling Huang et al. [12] delivered a reversible specific capacity as high as 501 mAh g*
after 50 cycles of charge-discharge. Additionally, the porous Sn-Ni alloy dendrites
synthesized by a facile constant-current deposition method showed the high charge
capacity of 530 mAh g after 50 cycles [26].

Inspired by these, it could be reasonable to believe that combining nanostructures
and active/inactive system might be a more valid route to obtain enhanced Li-storage
property. Among various nanostructures, 3D nanoporous structure has itself unique
advantages towards LIBs application relative to ordinary 1D and 2D nanostructures,
such as rigid 3D framework, large surface area, high active sites and fast ion/electron

transport. Most recently, dealloying has been evidenced to be a facile and effective



approach to construct different kinds of 3D nanoporous structures, which possesses
significant advantages of simple processing, nearly absolute yield, and being
applicable for large-scale synthesis relative to other strategies reported in the literature
[32-35].

Herein, novel 3D-HP Sn-Ni alloy anode was synthesized by pulse electrodeposition
of mesoporous Sn-Ni alloy made of ultrafine nanoparticles on the 3D nanoporous
copper substrate from chemical dealloying of AlssCuas alloy slices in the HCI solution.
The as-prepared 3D-HP Sn-Ni anode is typically characteristic of open, bicontinuous,
interpenetrating bimodal pore size distribution comprising interconnected large-sized
ligament-channel networks with highly porous channel walls. Compared to the 2D-NP
Sn-Ni thin films, the 3D-HP Sn-Ni electrode exhibited superior cycling stability with
reversible specific capacity of 0.25 mAh cm?and coulombic efficiency of >95% upto
the 200th cycle, which is likely related to the unique 3D hierarchical porous structure,
large contact area between active material and electrolyte, as well as favourable buffer
effect of inactive component. We believe that this work can provide a promising
anode candidate towards practical application of high-performance LIBs.

2. Experimental section
2.1. Preparation of 3D-HP Sn-Ni and 2D-NP Sn-Ni alloys

Figure 1 illustrates the synthetic schemes of 3D-HP Sn-Ni and 2D-NP Sn-Ni alloys.
In the typical fabrication process of 3D-HP Sn-Ni alloys, Al-Cu ingots with nominal
composition of AlssCuss (at.%) were prepared firstly from pure aluminum (99.9 wt.%)

and pure copper (99.99 wt.%) by vacuum induction furnace. Then, Al-Cu ingots were



sliced into sheets with 400 pum in thickness by wire-cutting EDM, which subsequently
were ground and polished to remove oxide layers on the surfaces. Energy dispersive
X-ray (EDX) analysis showed the atomic percentage of Cu and Al in the Al-Cu slices
was quite closely to the initial designed composition, indicating that the alloy slices
can be further used in the following study (see supplementary material for the detailed
EDX results, Figure S1). Whereafter, the Al-Cu alloy slices were put into 5wt.% HCI
solution to be subjected to chemically dealloy at 90°C for 5 hrs, upon which the
samples were rinsed with distilled water and ethanol for several times. Finally, the 3D
nanoporous copper (NPC) substrate can be obtained after dried at 70°C for 24 hrs in
vacuum oven. The final thickness of the 3D NPC substrate was ca. 230 um.
Subsequently, the Sn-Ni nanoparticles were electroplated on the NPC substrates to
fabricate the 3D-HP Sn-Ni alloys. Note that pulse current as control variable was
utilized in the process of electroplation, because: (1) the current density with periodic
changes can easily produce fine nanoparticles and integrated plating layers, (2) the
morphology, sizes and amount of deposits can be controlled easily, (3) there is no
need of anyother conductive agent and binder. Pulse electrodeposition was performed
using an electrochemical measurement unit (CHI760E, CH Instruments, Inc.) in a
standard three-electrode electrochemical cell (100 mL) with the 3D NPC substrate as
working electrode, Pt foil as counter electrode and saturated calomel electrode (SCE)
as reference electrode. The detailed technical parameters of pulse electrodeposition
can be found in Figure S2. The plating bath was composed of NiCl.-6H.0 14.67 g/L,

SnCl2-2H20 46 g/L, C40sHsKNa 8 g/L, KsP207 300 g/L, and glycine 8 g/L [29]. The



typical reaction duration was 2-3 min, and the as-obtained 3D-HP Sn-Ni alloys were
washed mildly and dried at 75°C for 20 hrs in vacuum oven. For comparison, the
2D-NP Sn-Ni alloys were fabricated by pulse electrodeposition onto the 2D planar
copper foil (2D CF) substrates under the same conditions. The typical thickness of the
2D CF substrate was 200 um. Note that all areas in this work referred to foot print
areas and all used chemical reagents were analytical grade.
2.2. Structure and composition characterizations

Microstructure and chemical composition of the resultant specimens were detected
by field-emission scanning electron microscopy (FESEM, Hitachi S-4800) with an
EDX analyzer, transmission electron microscopy (TEM and HRTEM, JEOL JEM
2100F). Crystalline phases were analyzed using X-ray diffraction (XRD, Rigaku
D/Max-2400) with Cu K, radiation from 20 to 80"
2.3. Electrochemical test

The as-prepared 3D-HP Sn-Ni and 2D-NP Sn-Ni alloys as working electrodes,
respectively, were assembled into coin-type test cells (CR2032) in an argon-filled
glove box (LS-750D, DELLIX) with metal Li as counter and reference electrodes, 1
M LiPFe in a mixture of ethylene carbonate/diethyl carbonate (1:1 v/v) as electrolyte,
and polypropylene film (Celgard 2400) as separator. Each cell was aged for 24 hrs at
room temperature before commencing the electrochemical tests. The half-cells were
charged and discharged galvanostatically on a multichannel battery test system
(NEWARE BTS-610, Neware Technology Co., Ltd., China) between 0.01 and 1.5

V(vs. Li/Li") at room temperature. Cyclic voltammograms (CVs) was recorded using



a CHI760E electrochemical workstation at a scan rate of 0.1 mV s™* between 0.01 and
1.5V (vs. Li/Li"). Electrochemical impedance spectroscopy (EIS) measurements were
carried out over a frequency range from 0.01 Hz to 1 MHz with AC amplitude of 5
mV.
3. Results and discussion
3.1. Morphology and structure characterization

Figure 2a and b shows the SEM images of surface morphology of as-prepared 3D
NPC substrate by chemical dealloying of AlssCuass alloy slice in the HCI solution. It is
clear that the NPC substrate exhibits an open, bicontinuous, interpenetrating porous
network structure with uniformly large pore/ligament sizes of 350£150 nm. Also, the
cross-section SEM images of the NPC substrate from Figure S3 further verify the 3D
porous network characteristic, which would be greatly beneficial for the infiltration of
electrolyte in the subsequent pulse electrodeposition. Figure 2c displays the
microstructure of 3D-HP Sn-Ni electrode by pulse electrodeposition under the mild
reaction condition. Apparently, the large-sized porous skeleton of the 3D-HP electrode
well inherits that of the NPC substrate, and meanwhile no obvious structure change
and pore blocking can be observed, indicative of favourable 3D channels for mass
transfer. It is worthwhile noting that, from Figure 2d and its high-magnification inset,
the large-sized ligament surface of 3D-HP Sn-Ni electrode further exhibits the
uniform mesoporous architecture composed of ultrafine nanoparticles with mean sizes
of 3-5 nm, finally resulting in the formantion of unique 3D hierarchical porous

structure. Furthermore, the typical TEM and HRTEM observations from Figure 2g



and h confirm the hierarchical porous structure of 3D-HP Sn-Ni electrode; meanwhile,
HRTEM analysis also shows the lattice fringe spacing of the deposited ultrafine
nanoparticles is 2.95 A, corresponding to the (111) plane of NisSns. Additionally, the
element content of 3D-HP Sn-Ni electrode has been determined by EDX
measurement to be Sn/Ni=31:19 (at.%), and the deposition amount and element
proportion can be easily tuned by simply changing the plating time and eletrolyte
concentration. The EDX mapping results of Sn, Ni and Cu elements exhibit uniform
distribution of Ni and Sn on the whole 3D NPC substrate (Figure S4), which would be
beneficial to prevent active material from cracking and detachment from current
collector during repeated charge-discharge processes. For comparison, the
microstructure and surface morphology of 2D-NP Sn-Ni electrode by pulse
electrodeposition on the 2D CF substrate under the same deposition conditions exhibit
an open, irregular, discontinuous nanoporous structure with mean pore/ligament sizes
of 30-80 nm, as presented in Figure 2e and f. The EDX analysis further reveals that
the content ratio of Sn and Ni elements is approximately 14:1 for the 2D-NP Sn-Ni
electrode.

Figure 3 displays the XRD spectra of as-prepared 3D NPC substrate, 3D-HP Sn-Ni
and 2D-NP Sn-Ni electrodes. As can be seen clearly from Figure 3a, the diffraction
peaks at 20=43.29°, 50.43°, and 74.14° correspond to f.c.c (111)cy, (200)cy and
(220)cy, indicative of the exact existence of single Cu phase. For the 3D-HP Sn-Ni
electrode (Figure 3b), the Ni3Sns phase can be detected at 26=30.27° other than those

belonging to NPC substrate, suggesting that NisSns is the only deposition after pulse



electrodeposition on the 3D substrate, which is in good agreement with the HRTEM
analysis. In contrast, the Cu, NisSn4, Sn phases can be indexed simultaneously in the
2D-NP Sn-Ni electrode by pulse electrodeposition on the 2D CF substrate under the
same conditions. Note that the single Sn phase can be obtained just in the 2D-NP
electrode compared to the 3D-HP one, implying that the surface morphology and
microstructure of substrate plays a crucial part in the phase composition and content
of deposition. This is likely related to the sizes of specific surface area and the amount
of active sites on substrates with different morphologies, which has been discussed
detailedly in the following part on a basis of CV results.

To further reveal the electrodeposition mechanisms, the CVs were measured during
depositions onto the 2D CF and 3D NPC substrates from -0.4 to -1.4 V(vs. SCE) in
the different bath solutions containing separate Ni?*, Sn?* and the mixture of Ni?* and
Sn?*, respectively (Figure 4). As is well-known, the emergence of some reduction
peak in CVs corresponds to the deposition of a metal as the potential scans towards
the negative direction, in which the reduction peak area stands for deposition amount.
Note that the reduction process of Ni?* to Ni is obviously different between the 2D CF
and 3D NPC substrates relative to Sn?*, as shown in the curves 2 of Figure 4,
indicating that the electrodeposition behavior of metal Ni is greatly susceptible to the
microstructure and surface morphology of substrate. Moreover, it can be found from
the reduction peak areas that the loading mass of metal Ni on the 3D porous substrate
is much more than that on the 2D planar one, which is in line with the EDX results in

Figure 2. This is closely associated with the large specific surface area and high active



sites (e.g. plenty of 2D and 3D surface defects) of the unique 3D NPC substrate
obtained by dealloying, which might be much favorable for nucleation and growth of
metal Ni by electrodeposition [36-38]. Analogously, from the curves 3 of Figure 4, it
can be understood that the electrodeposition behavior of metal Sn is less sensitive to
the microstructure and surface morphology of substrate than metal Ni, and thus the
loading mass of Sn on the 3D porous substrate is just comparable to that on the 2D
planar substrate. As a result, a number of Sn-Ni alloys can be obtained by pulse
electrodeposition onto the 3D substrate, while just a few Sn-Ni alloys and relatively
more single Sn can be formed on the 2D counterpart. This is also in good accordance
with the results of curves 1 in Figure 4. It should be noted that, however, the fact that
the more Sn obtained in the 3D-HP electrode seems to be paradoxical with the present
XRD results, which exactly displays the higher Sn contents in the 2D-NP electrode.
We consider that this illusion would be mainly related to the detection limit depth
(just 102~10% nm) of characteristic X-ray from XRD instrument, which is far less than
the thickness (~250 um) of the present 3D-HP Ni-Sn electrode. To confirm it, the
SEM observation and EDX analysis of cross-sections of 3D-HP Sn-Ni electrode was
further performed, as displayed in Figure S5. Obviously, the microstructure and
chemical composition of cross-sections of the 3D porous specimens are highly
identical to those from their surfaces in Figure 2, indicating that the mesoporous
Sn-Ni alloy well covers the 3D porous skeleton of substrates rather than just on the
surfaces.

3.2. Electrochemical properties



The lithium storage mechanism of 3D-HP Sn-Ni electrode during charge-discharge
processes can be investigated by cyclic voltammetry. It has been reported in the
literature that the electrochemical lithiation/de-lithiation processes of Sn-Ni alloy
involves main three reaction steps as follows: The step (1) is deemed to be irreversible
activation process in order to convert Sn-Ni alloy into LixSn/Ni (0<x<4.4) composite;
the steps (2-3) are two reversible electrochemical reaction processes corresponding to
alloying/dealloying between Li and Sn, which has been elucidated detailedly in the

previous studies [24, 25].

NimSnn +xnLi* +xne —nLixSn+mNi (0<x<4.4) (1)
Sn + xLi* + xe'—>LixSn (0<x<4.4, discharge) 2
LixSn—Sn + xLi* + xe” (0<x<4.4, charge) 3)

Figure 5a shows the first three-cycle CVs of 3D-HP Sn-Ni electrode at a scan rate
of 0.1 mV s, Clearly, three broad cathodic peaks can be observed around 1.0, 0.4 and
0.2 V(vs. Li/Li"), respectively. The peaks at 1.0 and 0.4 V(vs. Li/Li") can be attributed
to the formation of a solid electrolyte interface (SEI) and irreversible conversion of
Sn-Ni alloy to Sn/Ni composite indicated by Equation (1). Note that these two peaks
disappeared in the subsequent cycles, implying the stability of SEI and the entire
conversion of Sn-Ni alloy to Sn/Ni composite. The cathodic peak at 0.2 V(vs. Li/Li")
can be ascribed to the formation of LixSn (0<x<4.4) alloy as described by Equation
(2). During the 1st charge process, the two anodic peaks emerging at 0.56 and 1.2
V(vs. Li/Li") correspond to the reversible electrochemical reactions of LixSn to Sn as

presented by Equation (3). It is worth noting that the subsequent cycle curves are well



overlapped with each other, clearly demonstrating its excellent cycling stability and
electrochemical reversibility.

The voltage vs. capacity profiles of 3D-HP Sn-Ni electrode are also recorded at a
current density of 0.1 mA cm, as indicated in Figure 5b. As can be seen clearly, the
first discharge and charge processes delivered the large specific capacities of 0.96 and
0.49 mAh cm, respectively, with a relatively high coulombic efficiency beyond 51%.
The initial capacity loses mainly can be assigned to the irreversible conversion of
Sn-Ni alloy and formation of SEI [11, 23]. It should be noted that the plateaus at 1.0
and 0.4 V(vs. Li/Li") relating to the two irreversible reactions in the 1st discharge
process disappeared afterwards and the 2nd charge-discharge curve overlapped well
with that in the 3rd cycle, which also are in good accordance with the CVs in Figure
oa.

Figure 5c illustrates the cycle performance of 3D-HP Sn-Ni electrode at a current
density of 0.1 mA cm%; meanwhile, the counterpart of 2D-NP Sn-Ni electrode is also
added for clear comparison. Compared to the 2D-NP electrode, the as-prepared
3D-HP Sn-Ni electrode exhibits the significantly improved cycling ability with higher
specific capacity, longer cycle life and more steady coulombic efficiency, indicating
that the 3D porous substrate plays a key part in accommodating the huge volume
variation and enhancing the loading mass of active material. Note that after a slight
decrease of specific capacity in the initial several cycles, the 3D-HP Sn-Ni electrode
retains excellent cycling stability and no obvious capacity loses occur in the

subsequent cycling processes upto the 200th cycle. The reversible capacity retention



of 3D-HP Sn-Ni electrode reaches 69.7% after first 10 cycles and still can maintain
beyond 51% after 200 cycles. Except for the first several cycles, its coulombic
efficiency always maintains above 95%, indicative of the superior electrochemical
reversibility. Typically, the reversible capacities of 0.31, 0.29 and 0.27 mAh cm™ can
be reached at the 20th, 50th and 120th cycles for 3D-HP Sn-Ni electrode, respectively.
Even after 200 cycles, it still can deliver a relatively high reversible capacity of 0.25
mAh cm?. In contrast, the reversible capacities of 0.11 and 0.04 mAh cm2 can be
attained only for the 2D-NP Sn-Ni electrode at the 20th and 50th cycles, respectively.
Obviously, the areal specific capacity of 2D-NP Sn-Ni electrode sharply decreased
from the beginning and only 24% capacity retention remains at the 50th cycle. Such a
low capacity retention can be main relation to the uneven, discontinuous nanoporous
structure and relatively low content of inactive component Ni as cushion, which
would lead to the insufficient accommodation of huge volume change from Sn during
lithiation/de-lithiation processes and rapid detachment from the 2D CF substrate. In
addition, the cycle performance and coulombic efficiency of 3D-HP Sn-Ni and 2D-NP
Sn-Ni electrodes have been expressed further by mass capacity in order to effectively
compare with other Sn-based electrode materials reported in the literature, as present
in Figure S6. Obviously, the better cycling stability and longer cycle life can be
obtained in the 3D-HP Sn-Ni electrode (Table S1).

Rate capacity profiles of 3D-HP Sn-Ni electrode at the different current densities
were further measured, as displayed in Figure 5d. It is clear that as the current density

reaches 0.3 and 0.4 mA cm?, the 3D-HP Sn-Ni electrode can maintain the high



reversible capacities of 0.24 and 0.22 mAh cm2. When the current density returned to
0.1 mA cm at the 50th cycle, the reversible capacity increases to 0.28 mAh cm?,
which reserves as high as 84.8% capacity retention compared with the 10th cycle at
the same current density. It is worth noting that after undergoing a series of high-rate
charge-discharge processes, the reversible capacity still can maintain 0.22 mAh cm™
in the 200th cycle, demonstrating its excellence for rate performance. This can be
mainly ascribed to the unique 3D hierarchical porous structure, which can not only
endow the better electrolyte permeation, but also provide the larger contact areas
between electrode and electrolyte. In addition, the nanoscaled Sn-Ni composite
system can effectively withstand the large volume changes and shorten the Li*
diffusion paths during repeated charge-discharge processes.

The ion and electron transports of 3D-HP Sn-Ni and 2D-NP Sn-Ni electrodes were
investigated by EIS, as depicted in Figure 6, which is one of the most important
methods to reveal the Li* and electron transport kinetics at the electrode/electrolyte
and current collector/active material interfaces in LIBs. As indicated in Figure 6, both
Nyquist plots consisted of a semicircle in high to medium frequency range, the
diameter of which represented the charge transfer resistance and an inclined line in the
low frequency range closely related to the diffusion coefficient of Li" inside electrode
materials [39]. Note that the 3D-HP Sn-Ni electrode has markedly low charge transfer
resistance (Rc=50 Q) at the initial state compared to that (Rct=800 Q) of 2D-NP Sn-Ni
electrode. It is exciting that the charge transfer resistance of 3D-HP electrode still has

no sharp increase after 50 (R«=70 Q) and 200 cycles (R«=110 Q), implying its



excellent electron conductivity. On the contrary, the diameter of the semicircle for
2D-NP electrode abruptly enlarges just after 50 cycles (Rc>1000 Q), suggesting the
remarkably poor electrochemical property. In order to understand it quantitatively, the
fitting curves and equivalent circuits of EIS of 3D-HP Sn-Ni and 2D-NP Sn-Ni
electrodes after 50 cycles have been achieved in Figure S7. Evidently, the Rt value of
3D-HP Sn-Ni electrode is just 69 Q, which is far lower than that of 2D-NP Sn-Ni
electrode (1030 Q). The present results clearly demonstrate that the unique 3D-HP
Sn-Ni alloy as anode for LIBs possesses much better Li* and electron transport
abilities.

Figure 7 shows the SEM images of 2D-NP Sn-Ni and 3D-HP Sn-Ni electrodes after
cyclings. Obviously, for the 2D-NP Sn-Ni electrode after 50 cycles, several irregular
clusters comprising aggregated nanoparticles and uneven large pits from pulverization
and detachment of active material can be observed in Figure 7a and its inset, which is
closely associated with the huge volume variation and inadequate structure buffering
during charge-discharge processes. Note that the present microstructure and surface
morphology are quite different from its original state in Figure 2e-f. Especially, the
random orientation of ligaments and pores after cyclings clearly demonstrates the 2D
planar substrate cannot buffer the huge volume change effectively during repeated
lithiation/de-lithiation processes, finally resulting in the terrible electrochemical
behavior. In stark contrast, the microstructure and surface morphology of 3D-HP
Sn-Ni electrode after 50 cycles were presented in Figure 7b. It can be found easily

that no obvious difference exists before and after cyclings. The high-magnification



SEM image in the inset of Figure 7b further exhibits that the Sn-Ni nanopatrticles still
are anchored well on the 3D porous skeleton and no obvious aggregation occurs after
50 cycles, indicating the favourable binding force between active material and 3D
substrate. This is mainly because the 3D Sn-Ni electrode with unique hierarchical
porous architecture provides ample spaces for alleviation of volume expansion and
abundant active sites for growth of active material. In order to further testify the
superiority of as-prepared 3D-HP Sn-Ni electrode, its microstructure after 200 cycles
was also characterized in Figure 7c. It is astonishing that the nearly perface 3D
hierarchical porous structure still can be seen clearly and no obvious cracking,
pulverization and detachment of active material occur from the 3D NPC substrate
even after such a long charge-discharge cycle, demonstrating its promising application
for high-performance LIBs.
4. Conclusions

The novel three dimensional hierarchical porous Sn-Ni alloys as anode for LIBs has
been fabricated successfully by pulse electrodeposition of mesoporous Sn-Ni alloy
made of ultrafine nanoparticles on the 3D NPC substrates from chemical dealloying
of as-cast AlssCuas (at.%) alloy slices in the HCI solution. The unique 3D-HP Sn-Ni
anodes possess typically open, bicontinuous, interpenetrating bimodal pore size
distribution comprising interconnected large-sized (hundreds of nm) ligament-channel
structure with highly porous channel walls (several nm). Compared with the 2D-NP
Sn-Ni one, the 3D-HP Sn-Ni electrode exhibits remarkably higher reversible capacity

(0.49 mAh cm at the 1st cycle), longer cycling stability (>51% capacity retention



after 200 cycles) and better rate capacity (0.22 mAh cm at the 0.4 mA cm?). The
excellent electrochemical property can be mainly attributed to the 3D hierarchical
porous structure, large specific surface area and good buffer effect of inactive
component, which plays an important role in alleviating the huge volume variation
during charge-discharge processes, raising the loading mass of active material and
accelerating the Li* diffusion and electron transport. We believe that the high specific
capacity, long cycle life, steady coulombic efficiency, low preparation cost and easy
large-scale production of the 3D-HP electrode will open up a brand-new opportunity
to develop the promising anode candidate for high-performance LIBs.
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Figure Captions:

Figure 1. Schematic preparation processes of 3D-HP Sn-Ni and 2D-NP Sn-Ni alloys.
Figure 2. SEM images of surface morphology of as-prepared (a, b) 3D NPC substrate,
(c, d) 3D-HP Sn-Ni and (e, f) 2D-NP Sn-Ni electrodes, in which parts b, d and f are
the high-magnification images. The insets in parts a and e are the typical digital
pictures of 3D NPC and 2D CF substrates, respectively. The insets in parts c and f are
the EDX results corresponding to surface morphology of 3D-HP Sn-Ni and 2D-NP
Sn-Ni electrodes, respectively. The inset in part d shows the locally enlarged image
marked by the dotted white frame. Scale bar: 10 nm. (e, f) TEM and HRTEM images
of hierarchical porous structure of the 3D-HP Sn-Ni electrode.

Figure 3. XRD patterns of (a) 3D NPC substrate, (b) 3D-HP Sn-Ni and (c) 2D-NP
Sn-Ni electrodes.

Figure 4. The CVs recorded on the (a) 2D CF and (b) 3D NPC substrates with the
sweep rate of 10 mV/s from -0.4 to -1.4 V(vs. SCE) in the 100 mL solutions
containing (1) NiCl2-6H.O 14.67 g¢/L, SnCl>-2H.0 46 g/L, CsOe¢HsKNa 8 g/L,
K4P20O7 300 g¢/L, and glycine 8 g/L; (2) NiCl2-6H.0O 14.67 g/L, C4OsHsKNa 8 g/L,
K4P20O7 300 g¢/L, and glycine 8 g/L; (3) SnCl,-2H>0 46 g/L, C40sHsKNa 8 g/L,
K4P20O7 300 g/L, and glycine 8 g/L.

Figure 5. (a) CVs of 3D-HP Sn-Ni electrode ranging from 0.01-1.5 V versus Li/Li" at
a scan rate of 0.1 mV s%. (b) Voltage vs. capacity profiles of 3D-HP Sn-Ni electrode at

a current density of 0.1 mA cm. (c) Cycle performance curves of 3D-HP Sn-Ni and



2D-NP Sn-Ni electrode at a current density of 0.1 mA cm™. (d) Rate capacity profiles
of 3D-HP Sn-Ni electrode at different current densities of 0.1, 0.2, 0.3, 0.4 mA cm™,
Figure 6. Nyquist plots of (a) 3D-HP Sn-Ni electrode before cycling and after 50 and
200 cycles and (b) 2D-NP Sn-Ni electrode before cycling and after 50 cycles,
respectively. The insets in parts a and b show the corresponding high frequency zones
at a higher magnification.

Figure 7. SEM images of (a) 2D-NP Sn-Ni electrode after 50 charge-discharge cycles
and (b, ¢) 3D-HP Sn-Ni electrode after 50 and 200 charge-discharge cycles at the
current density of 0.1 mA cm. The insets show locally magnified images marked by

the dotted white rectangles. Scale bar: 500 nm)
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