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Abstract

A simple and effective one‐step strategy gives freestanding 3D dendritic

hierarchical porous (DHP) Cu–Sn nanocomposites by chemically dealloying a

designed Cu35Sn65 (at.%) alloy with dendritic segregation in a specific

corrosive solution. A 3D DHP Cu–Sn modified by polyaniline (PANI) further

makes the nanocomposites with improved conductivity and structural

stability, which are typical of bimodal pore‐size distribution comprising a

dendritic micron‐sized ligament‐channel structure with interconnected

nanoporous channel walls. The as‐prepared 12 h dealloyed 3D DHP

nanocomposites with ca. 200 μm in thickness can serve as binder‐free thick

anodes for lithium‐ion batteries (LIBs) and exhibit enhanced Li storage

performance with a ultrahigh first reversible capacity of 13.9 mAh cm−2 and

an initial CE of 85.8%, good cycling stability with a capacity retention of 73.5%

after 50 cycles, and superior rate capability with a reversible capacity of

11.95 mAh cm−2 after high‐rate cycling. These Sn‐based anodes can effectively

alleviate the volume variation, enhance the loading of active materials,

strengthen the stability of solid electrolyte interphase films, shorten the Li+

migration distance, and improve the electron conductivity. Additionally,

the Sn content and areal capacity of the 3D DHP electrode can be tuned by

changing the dealloying time of the initial alloy for 3D tin‐based thick anodes

with adjustable capacities toward high‐performance LIBs.
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1 | INTRODUCTION

With the rapid development of high‐efficiency electro-
chemical energy‐storage devices,1–5 nowadays, lithium‐
ion batteries (LIBs) have been widely applied in various
industrial and civil fields, such as mobile phones,
laptops, electric vehicles, smart grids, and so on.6–8

However, current anode and cathode materials hardly
meet the expected demands of energy and power
densities in future energy‐storage systems due to
extremely limited specific capacities.9,10 Especially, it
would be always unsatisfactory for an insertion‐type
commercial graphite anode to deliver the sluggish
capacity of just less than 372mAh g−1 and possess much
low lithiation potential largely prone to dendritic
precipitation of metal Li, which would easily bring
about terrible electrochemical properties and poor
safety.11–13 As a result, seeking replaceable anode
materials with higher specific capacity and more
appropriate lithiation potential would be a primary
challenge for next‐generation LIBs, such as developed
conversion‐type and alloying‐type anode materials in
recent years.14 Among them, metal tin has attracted
extensive attention as a quite promising alloying‐type
anode candidate in advanced LIBs due to its high
theoretical specific capacity (994 mAh g−1, 2–3 times
greater than commercial graphite), proper lithiation
potential, abundant resources, environmentally friendly
properties, and low cost.15–19 Unfortunately, up to now,
industrial development of tin‐based anode materials
still is impeded severely owing to its drastic volume
and structure changes (200%–300%) during repetitive
charge–discharge processes, which would give rise to
quick cracking, serious mechanical separation, and
perishing electrochemical performance.20–25

To overcome these problems, lots of productive
strategies have been proposed and carried out successively
in recent studies, such as reducing the feature size of
active materials to the nanoscale, constructing active/
inactive composite systems, and adopting 3D nanostruc-
tured substrates.26–30 Typically, compared to traditional
2D planar counterparts, 3D nanostructured substrates
with ample inner voids can effectively accommodate huge
volume variation during repeated lithiation–delithiation
processes, enhancing the structural stability and mechani-
cal integrity of electrodes by changing the distribution
of mechanical strain on electrode surfaces. Especially, 3D
nanoporous metals (NPMs) with a quasiperiodic bicontin-
uous ligament‐channel structure recently exhibit a great
potential to act as both a current collector and substrate of
anodes in LIBs, which can be prepared more easily by a
dealloying technique than complex template‐assisted
methods previously.19,31–33 For example, Zhang et al.

reported a 3D Sn film‐coated nanoporous copper (NPC)
anode by dealloying and electroless deposition, which
displays good Li storage properties with a first charge
capacity of 1.68mAh cm−2 and ca. 37% capacity retention
after 50 cycles.34 Liu et al. prepared a 3D‐NPC‐supported
Sn NP anode with a first reversible capacity of 0.485mAh
cm−2 and a 52.4% capacity retention after 500 long cycles
by dealloying and low‐temperature deposition.35 Note that
Sn NPs can attain markedly better cycling stability than
films due to more nanovoids around them to buffer
volume change, whereas their areal specific capacity has
to be killed largely in view of their extremely limited
loadings. As a result, there seems to be an apparent
conflict between areal capacity and cycling stability for Sn
deposition on 3D porous skeletons. Until now, this still is a
tough challenge to achieve their balance. On the other
hand, constructing active/inactive composite NPs, such as
Cu–Sn, Ni–Sn, and so on, is also an effective way to
further improve the electrochemical performance of tin
because the inactive component can serve as a cushion
around tin to relieve its volume expansion and particle
aggregation during cycling.36–38 Thus, integrating 3D
porous electrode structures and active/inactive composite
NPs and building 3D porous electrodes composed of
(rather than coated by) Cu–Sn alloy NPs might be a
feasible route to achieve satisfactory electrochemical
properties, in which the 3D porous framework with
higher tin content would contribute to larger areal
capacity, while small‐sized Cu–Sn alloy NPs with abun-
dant nanovoids and inactive components could bring
about desirable cycling performance. Additionally, it has
been known that conductive polymer coating considerably
facilitates to stabilize solid electrolyte interphase (SEI)
films and boosts structural stability, which can
further improve coulombic efficiency (CE) and electron
conductivity.39–42

In this report, a facile and effective one‐step route has
been developed to fabricate freestanding 3D dendritic
hierarchical porous Cu–Sn nanocomposites by chemically
dealloying a designed Cu35Sn65 alloy with dendritic
segregation. A 3D DHP Cu–Sn with electrodeposited
polyaniline (PANI) further makes the nanocomposites
with improved conductivity and structural stability, which
are typical of bimodal pore size distribution composed of a
dendritic micron‐sized ligament‐channel structure with
interconnected nanoporous channel walls. When used as
binder‐free thick anodes for LIBs, the unique 3D DHP
nanocomposites exhibit enhanced Li storage properties
with ultrahigh first reversible capacity and initial CE, good
cycling stability, and superior rate capability, which
are mainly related to the unique 3D DHP structure, the
moderate contact area between active materials and
electrolytes, good buffer effect of inactive components,

2 of 15 | LIU ET AL.

 27681696, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.20220032 by H

ong K
ong Poly U

niversity, W
iley O

nline L
ibrary on [22/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and uniform coating of PANI nanolayers with good
conductivity. Additionally, the Sn content and areal
capacity of the 3D DHP electrode can be tuned by simply
changing the dealloying time of the initial alloy, indicative
of a promising 3D tin‐based thick anode candidate with
adjustable capacity toward high‐performance LIBs.

2 | RESULTS AND DISCUSSION

2.1 | Microstructure and morphology
characterization

Figure 1A shows the designed as‐cast Cu35Sn65 alloy in
the equilibrium phase diagram of the binary Cu–Sn
system, which theoretically should be composed of
Cu6Sn5 and Sn phases. As illustrated by XRD results in
Figure 1B, the as‐prepared Cu35Sn65 alloy mainly consists
of two phases: Cu6Sn5 and Sn, and the amount of Cu6Sn5
is comparable to that of Sn in the Cu–Sn alloy. Note that
a few Cu3Sn phases can also be detected in the XRD
results primarily because of the incomplete peritectic
reaction occurring in the rapid cooling process. EDX
results (Figure 1C,D) exhibit that the atomic percentage
of Cu and Sn in the alloy was quite close to the designed
composition, indicating that the Cu–Sn alloy can be used
further in the following study. The element mapping
displays the dendritic‐like alternating distribution fea-
tures of Cu and Sn elements, implying the occurrence of
dendritic segregation in the as‐cast alloy (Figure 1E,F).
This is in good line with the metallographic and SEM
observations in Figure 1G,H. Additionally, the line scan
and selected‐area EDX results in Figure 1I,J further
confirm a few Cu3Sn phases intermittently distributing in
the center of the Cu6Sn5 phase, just corresponding to the
dark gray areas in the backscattered electron SEM image,
well demonstrating the typical incomplete peritectic
transformation.

Figure 2A schematically shows the preparation
processes of 3D DHP Cu–Sn and Cu–Sn/PANI nano-
composites. Briefly, the 3D DHP Cu–Sn nanocomposites
can be obtained facilely by one‐step chemical dealloying
of the designed as‐cast Cu35Sn65 alloy with dendritic
segregation in a specific corrosive solution. Note that this
is the first time to report on 3D tin‐based nanocomposites
by one‐step chemical dealloying of the binary Cu–Sn
system with a markedly small standard reversible
potential difference (<500mV) between Sn and Cu
[−0.136 V (vs. SHE) for Sn/Sn2+ and 0.342 V (vs. SHE)
for Cu/Cu2+] to the best of our knowledge, in which the
key is to screen the proper corrosive system matching
well with the alloy system. Herein, we found that the
specific mixture composed of 5 wt.% HF and 1 wt.%

HNO3 can be effective for the dealloying of the binary
Cu–Sn system. Moreover, to stabilize the 3D nanostruc-
ture and improve the conductivity, PANI nanolayers
were electrodeposited on the 3D DHP Cu−Sn nanocom-
posites by CV to create the 3D DHP Cu–Sn/PANI
nanocomposites. Figure 2B,C illustrates the plane and
sectional SEM images of 3D DHP Cu–Sn nanocomposites
by dealloying for 12 h. It is obvious that the dendritic
porous microstructure with aligned ligaments/channels
in the microscale (ca. 20 μm) and ca. 200 μm in thickness
can be observed in the as‐dealloyed products. The
high‐magnification SEM images (insets of Figure 2B,C)
further exhibit that the aligned micron‐sized ligaments
are composed of (rather than coated by) plenty of stacked
NPs with adequate nanovoids around them. The specific
surface area was evaluated based on N2 adsorption/
desorption experiments, as shown in Supporting Infor-
mation: Figure S1A. The Brunauer–Emmett–Teller
(BET) surface area of the 3D DHP nanocomposites can
be determined to be 1.32 ± 0.1 m2 g−1. Note that this
value is just between those of uniform microporous and
nanoporous architectures reported in the literature,43

which can be expected to not only provide enough
electrochemical reaction active sites but effectively avoid
the formation of overmuch SEI films and the occurrence
of abundant side reactions on electrode surfaces by
means of decreasing the contact area between the
electrode and electrolyte when used as LIB anodes.18

The pore size distribution curve ranging from 10 nm to
10 μm (Supporting Information: Figure S1B) by the
mercury intrusion method displays one sharp peak
centered at 893.24 nm, corresponding to the feature
sizes of nanovoids in nanoporous channel walls. As a
result, the 3D DHP Cu–Sn nanocomposites have typical
bimodal pore size distribution comprising a dendritic
micron‐sized ligament‐channel structure with intercon-
nected nanoporous channel walls formed by plenty of
NPs. EDX results (inset of Figure 2B) show a relatively
high Sn content of 10.26 at.% in the as‐dealloyed
products, implying its promising high areal capacity in
LIBs. Figure 2D,E further displays the 3D DHP Cu–Sn/
PANI nanocomposites reserving similar structural fea-
tures with the previous 3D DHP Cu–Sn counterpart after
PANI electrodeposition, indicative of its good structure
heredity and integrity during the electrodeposition. TEM
observations (Figure 2F,G) illustrate that these NPs
making up micron‐sized channel walls possess feature
sizes of ca. 500 nm and each NP was wrapped evenly by a
conformal PANI layer with ca. 20 nm in thickness. XRD
analysis (Figure 2H) further verifies that the as‐dealloyed
specimens are mainly composed of Cu, Cu6Sn5, and
Cu3Sn phases, in which Cu and Cu6Sn5 phases are
highly predominant. Compared to the 3D DHP Cu–Sn
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I) (J)

FIGURE 1 (A) Equilibrium phase diagram of the binary Cu–Sn system, in which the red dotted arrow shows the designed chemical
composition of the Cu–Sn alloy in this study. (B) XRD pattern, (C) SEM image, (D) EDX results, and (E, F) element mapping of the designed
as‐cast Cu35Sn65 alloy. (G) Metallograph, (H) backscattered electron SEM image, (I) line scan, and (J) selected‐area EDX results of the
designed as‐cast Cu35Sn65 alloy, in which the inset in part G is the corresponding low‐magnification image.
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(H) (I)

FIGURE 2 (A) Schematic of preparation processes of 3D DHP Cu–Sn and Cu–Sn/polyaniline (PANI) nanocomposites. (B, C) Plane and
sectional SEM images of as‐prepared 3D DHP Cu–Sn nanocomposites by chemical dealloying of the as‐cast Cu35Sn65 alloy for 12 h. The inset
at the left corner of part B is the corresponding chemical composition. (D, E) Plane and sectional SEM images of as‐prepared 3D DHP
Cu–Sn/PANI nanocomposites by PANI electrodeposition after dealloying for 12 h. The inset at the bottom‐left corner of part D is a typical
digital picture of synthetic products. The insets at the top‐right corners of parts B–E are their local high‐magnification images of micron‐
sized channel walls. (F) Typical TEM image of NPs making up the micron‐sized channel walls in the 3D DHP Cu–Sn/PANI nanocomposites.
(G) High‐magnification TEM image of PANI nanolayers in the single NP surface, as marked by the white dotted rectangle in part F.
(H) XRD pattern of the 12 h‐dealloyed 3D DHP Cu–Sn nanocomposites. (I) Raman spectra of the 12 h‐dealloyed 3D DHP Cu–Sn and
Cu–Sn/PANI nanocomposites.
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counterpart, Raman spectra of 3D DHP Cu–Sn/PANI
nanocomposites have four characteristic peaks located at
1165, 1245, 1494, and 1605 cm−1, designated to the
typical C–H bending mode of the quinoid/benzenoid
ring, weak C–H and C═N stretching modes of the
quinoid ring, and the C–C stretching mode of the
benzenoid ring in PANI, respectively.44,45 In addition,
element mapping results show the coexistence of C, N,
Cu, and Sn elements in the 3D DHP Cu–Sn/PANI
products as well as the uniform distribution of C and N
on the micron‐sized ligaments, further demonstrating the
successful deposition of PANI (Supporting Information:
Figure S2). Therefore, we can conclude that the 3D DHP
Cu–Sn/PANI nanocomposites also possess bimodal pore
size distribution composed of a dendritic micron‐sized
ligament‐channel structure with interconnected nano-
porous channel walls formed by plenty of PANI‐modified
Cu–Sn alloy NPs.

To further reveal the formation mechanism of 3D
DHP Cu–Sn nanocomposites, the dealloying behavior of
the as‐cast Cu35Sn65 alloy with dendritic segregation
from 4 to 24 h was investigated systematically, as
illustrated in Figure 3. Expressly, when the dealloying
time is just 4 h, the as‐dealloyed specimens are composed
of Cu, Cu6Sn5, and Cu3Sn triphases. Combined with the
SEM and XRD results of the as‐cast Cu–Sn alloy, it is easy
to understand that in this dealloying stage, the dendritic‐
like Sn phase in the as‐cast alloy can be entirely dissolved
to form the aligned micron‐sized channels, while the
main Cu6Sn5 and a few Cu3Sn phases just may be
selectively corroded to some extent due to the limited
dealloying time, resulting in the formation of partial
nanoporous copper in the micron‐sized channel walls.
Note that the Cu6Sn5 phase can be etched quicker than
the Cu3Sn due to its relatively high Sn content, and thus,
the resultant dendritic nanoporous channel walls com-
prise Cu, Cu6Sn5, and Cu3Sn triphases after dealloying
for 4 h. With the increase of dealloying times, phase
constitution of the as‐dealloyed specimens varies gradu-
ally from Cu, Cu6Sn5, and Cu3Sn triphases to Cu and
Cu6Sn5 biphases, in which the amounts of Cu6Sn5 and
Cu3Sn phases decrease continually but the counterpart of
Cu increases in proportion. Due to the amount of Cu3Sn
being far less than the Cu6Sn5 phase, just Cu and Cu6Sn5
biphases can be obtained finally in the 24 h‐dealloyed
specimens. It is interesting that no obvious morphology
and microstructure changes can occur in these 3D DHP
products that were subjected to different dealloying times
except for the slight discrepancy in feature sizes and
uniformity of NPs making up micron‐sized channel
walls. Typically, the ideal 3D DHP structure can be
achieved as the dealloying time reaches 12 h or more.
This is why the 12 h‐dealloyed 3D DHP Cu–Sn/PANI

nanocomposites can be selected preferentially as the
research object. Figure 3I further shows the composition
evolution of the as‐cast Cu35Sn65 alloy with dealloying
times as tested by EDX. Obviously, three composition
regions, denoted by I, II, and III, can be distinguished. In
region I, the atomic percentages of Cu and Sn alter
dramatically, while those counterparts in region II
spanning dealloying time from 4 to 12 h only change
mildly; thereafter, a slighter composition variation can be
found in region III. Note that as the dealloying time rises
to 36 h, Sn atoms can be removed totally from the as‐cast
alloy, and the remaining Cu can be oxidized partially by
the active oxygen radical (O·) in the solution, leading to
the formation of 3D DHP Cu–Cu2O nanocomposites with
similar microstructure features as 3D DHP Cu–Sn
counterparts (Supporting Information: Figure S3). Thus,
it can be reasonable to conclude that the content of Sn in
the 3D DHP Cu–Sn and Cu–Sn/PANI nanocomposites
can be modulated easily in a broad composition range
(0–25 at.% or 0–38.4 wt.%, where the 25 at.%/38.4 wt.% Sn
corresponds to the dealloying for 4 h) through simply
changing the dealloying time of the initial alloy.

2.2 | Electrochemical properties

To evaluate their merits in Li storage properties, the
12 h‐dealloyed 3D DHP Cu–Sn and Cu–Sn/PANI nano-
composites with ca. 200 μm in thickness were preferen-
tially served as LIB anodes to assemble directly into half‐
cells using metal Li foils as counter and reference
electrodes without any binders and conductive agents.
For comparison, the 2D copper foil‐supported hierar-
chical porous Cu–Sn (2D HP Cu–Sn) electrode also
composed of Cu and Cu6Sn5 biphases was introduced
in some electrochemical tests, which can be obtained
typically by electroless deposition of Sn on the 2D
copper foil substrate in a Sn2+‐containing acidic plating
solution at 45°C (see the supplementary information
for the detailed experimental method, XRD, SEM, and
EDX results, Supporting Information: Figure S4).
Figure 4A shows the 1st‐cycle CVs of the 12 h‐
dealloyed 3D DHP Cu–Sn/PANI electrode between
0.01 and 1.2 V (vs. Li/Li+) at a scan rate of 0.1 mV s−1,
in which the open circuit voltage (OCV) is ca. 2.43 V
(vs. Li/Li+) and the inset is the local enlargement of the
discharge process at the potential range of 0.3–1.2 V (vs.
Li/Li+). Obviously, in the 1st discharge process, three
cathodic peaks at 1.26, 0.48, and below 0.3 V (vs. Li/
Li+) can be observed clearly, orderly corresponding to
the formation of SEI films, as well as two‐step phase
conversions of Cu6Sn5 to Li2CuSn and to LixSn,
respectively.23 It should be noted that the intensity of
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(A) (B)

(C) (D)

(E) (F)

(G) (H)

(I)

FIGURE 3 (A–H) XRD patterns and plane SEM images of 3D DHP Cu–Sn nanocomposites by chemical dealloying of the as‐cast
Cu35Sn65 alloy for 4, 8, 12, and 24 h. The insets at the top‐right corners of parts B, D, F, and H are their local high‐magnification images of
micron‐sized channel walls. (I) Chemical composition variation of the as‐cast Cu35Sn65 alloy by dealloying for different times.
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the cathodic peak at 1.26 V (vs. Li/Li+) assigned to the
SEI formation is quite weak, implying its high initial CE
due to extremely limited Li+ loss during the 1st discharge
process. In fact, the designed 3D DHP structure with
large‐sized micropores and the limited contact area
between the electrode and electrolyte can effectively avoid
the formation of overmuch SEI films from the decompo-
sition of the organic electrolyte and the occurrence of

abundant side reactions on electrode surfaces compared to
those uniform nanostructured electrodes with remarkably
larger specific surface areas.18,43 In addition, the as‐
prepared 3D DHP electrode without any binders and
conductive agents also can reduce the occurrence of side
reactions effectively on electrode surfaces, further improv-
ing the initial CE. In contrast, during the 1st charge
process, there exist two anodic peaks located at 0.68 and

FIGURE 4 (A) CVs of the 12 h‐dealloyed 3D DHP Cu–Sn/polyaniline (PANI) electrode ranging from 0.01 to 1.2 V (vs. Li/Li+) at a scan
rate of 0.1 mV s−1. (B) Galvanostatic charge–discharge profiles of the 12 h‐dealloyed 3D DHP Cu–Sn/PANI electrode at a current density of
1 mA cm−2. (C) Cycle performance of the 12 h‐dealloyed 3D DHP Cu–Sn and Cu–Sn/PANI electrodes at a current density of 1 mA cm−2.
(D) Rate capability of the 12 h‐dealloyed 3D DHP Cu–Sn/PANI electrode at current densities of 1, 2, 3, and 4mA cm−2. (E) Potential
versus capacity profiles of the 12 h‐dealloyed 3D DHP Cu–Sn/PANI electrode under different current densities. (F) Nyquist plots of the
12 h‐dealloyed 3D DHP Cu–Sn and Cu–Sn/PANI electrodes at different cycling states, in which the inset shows the local enlargement of the
compressed semicircle at a high–medium frequency range.
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0.90 V (vs. Li/Li+), well corresponding to electrochemical
delithiation reactions step by step from LixSn to Sn
phase.23 As we know, the subsequent charge and
discharge cycles are typical electrochemical alloying and
dealloying processes of Sn reacting with Li+. The plenty of
inactive component Cu produced in the 1st discharge
process can serve as minicushions around Sn evenly to
effectively relieve its volume expansion and particle
aggregation during subsequent cycling, giving rise to the
further improvement of the electrochemical performance
of Sn. This is why the Cu6Sn5 alloy can be considered to be
a more promising anode candidate compared to conven-
tional Cu‐supported/‐doped Sn or other forms of Cu–Sn
hybrids. The total electrochemical lithiation–delithiation
reactions can be expressed in detail as follows46,47:

Cu Sn + 10Li + 10e 5Li CuSn + Cu

(1st discharge),

6 5
+ −

2
(1)

Li CuSn + xLi + xe Li Cu Sn + yCu

(0 < x < 2. 4, 0 < y < 1, 1st discharge),

2
+ −

2+x 1−y
(2)

Li Sn Sn + xLi + xe

(0 < x < 4. 4, 1st and subsequent charge),

x
+ −

(3)

Sn + xLi + xe Li Sn

(0 < x < 4. 4, discharge after 1st cycle).

+ −
x

(4)

Figure 4B exhibits the galvanostatic charge–discharge
profiles of the 12 h‐dealloyed 3D DHP Cu–Sn/PANI
electrode at a current density of 1mA cm−2. It is clear that
the 1st discharge and charge processes deliver significantly
large areal capacities of 16.18 and 13.89mAh cm−2,
respectively, with initial CE as high as 85.8%, implying
the markedly less irreversible Li+ consumption during the
1st cycle, which is, to the best of our knowledge, rarely seen
in common Sn‐based electrodes.28,36,38,48‐54 Moreover, two
obvious discharge and charge plateaus at ca. 0.1 and 0.7 V
(vs. Li/Li+) can be observed after the 1st cycle, assigning to
the reversible electrochemical alloying and dealloying
processes of Sn reacting with Li+, as depicted by Equations
(3) and (4). Note that the galvanostatic charge–discharge
curves of the 12 h‐dealloyed 3D DHP Cu–Sn electrode
(Supporting Information: Figure S5) also possess a highly
similar variation tendency (including a large discharge
capacity of 14.12mAh cm−2, high initial CE of 87.2%, and
comparable charge–discharge potential plateaus) with the
3D DHP Cu–Sn/PANI counterpart, demonstrating their
same electrochemical reaction mechanisms during
lithiation–delithiation processes and no additional impacts

from PANI coating except for notably improved cycling
stability.

Figure 4C shows the cycle performance of the
12 h‐dealloyed 3D DHP Cu–Sn and Cu–Sn/PANI electro-
des at a current density of 1 mA cm−2. Evidently, both
the 3D DHP electrodes with ultrahigh 1st reversible
capacities display an initial capacity decline in the first
several cycles, which is closely associated with the
formation of SEI films, irreversible conversion of Cu6Sn5
to LixSn, and partial reversibility of Sn reacting with
Li+.35 Except for the first several cycles, the 3D DHP
Cu–Sn/PANI electrode still possesses a ultrahigh revers-
ible capacity of 10.2 mAh cm−2 and a good cycling
stability with 73.5% capacity retention after 50 cycles,
indicating its excellent electrochemical reversibility. The
SEM images and EDX results of the 3D DHP Cu–Sn/
PANI electrode after cycling are further exhibited in
Supporting Information: Figure S6. It is clear that there is
no obvious difference in the microstructure and chemical
composition between before and after cycling, demon-
strating its good mechanical integrity and structural
stability. This can be mainly attributed to the unique 3D
DHP structure, good buffer effect of the inactive
component, and uniform coating of the PANI nanolayer,
which is conducive to alleviating the huge volume
variation, enhancing the stability of SEI films, and
improving the electron conductivity, thus enabling
boosted Li storage performance. In contrast, the 3D
DHP Cu–Sn electrode delivers the reversible capacities
of 9.8 and 3.1 mAh cm−2 after 30 and 50 cycles,
corresponding to only 69.4% and 25.7% capacity reten-
tion, respectively. Note that the reversible capacity of the
3D DHP Cu–Sn electrode drastically drops after 30
cycles, implying its relatively inferior structural stability
under such an ultrahigh‐capacity condition (high Sn
content in essence). Even so, the Li storage properties
(areal capacity, initial CE, and capacity retention) of the
3D DHP Cu–Sn electrode still are much better than those
(1st reversible capacity of 0.44 mAh cm−2 with 71.5% CE
and 21.8% capacity retention after 50 cycles) of the 2D HP
Cu–Sn electrode with similar Sn content (9.75 at.% Sn),
as presented in Supporting Information: Figure S7. The
quite low areal capacity of the 2D HP electrode might
be primarily attributed to the poor availability of Sn
inside the electrode caused by unevenly hierarchical
pore structure and ultrafine small‐sized pores (<10 nm)
severely preventing the organic electrolyte from perme-
ation. Therefore, it can be concluded that the unique 3D
DHP Cu–Sn/PANI electrode with high Sn content can
act as a 3D thick anode toward high‐performance LIBs,
in which PANI coating effectively improves its structural
stability and electrochemical reversibility.
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Rate performance is another key assessment for the
Li storage properties of LIBs. Figure 4D exhibits the rate
capability of the 12 h‐dealloyed 3D DHP Cu–Sn/PANI
electrode under different current densities. Clearly, the
pronounced large reversible capacities of 14.5, 10.9, 8.8,
and 7.8 mAh cm−2 can be obtained at the current
densities of 1, 2, 3, and 4mA cm−2, respectively.
Impressively, when the current density returns to 1 mA
cm−2 again at the 21st cycle, the reversible capacity
promptly increases to 14.89 mAh cm−2, retaining ca.
100% capacity retention compared to the 1st cycle at
the same current density. Besides, after experiencing a
succession of high‐rate charge–discharge cycles, the
ultrahigh reversible capacity of 11.95mAh cm−2 still
can be attained at the 50th cycle, indicating the excellent
rate capability of the 3D DHP Cu–Sn/PANI electrode as a
thick anode with high Sn content. Figure 4E further
illustrates the potential versus capacity profiles of the
12 h‐dealloyed 3D DHP Cu–Sn/PANI electrode under
different current densities. Obviously, the curve variation
tendency and lithiation–delithiation potential plateaus
maintain well even though at higher current densities
than the initial value; as the current density reverts to
1 mA cm−2 again, the charge capacity profile overlaps
well with the 1st counterpart (including variation
tendency, specific capacity, and potential plateau),
implying its outstanding structural stability and electro-
chemical reversibility at higher rates. This is closely
related to the unique 3D DHP structure with inter-
connected nanoporous channel walls formed by PANI‐
modified Cu–Sn alloy NPs, which provides the inherent
benefits toward fast Li+ and electron transports at
electrode/electrolyte and current collector/active mate-
rial interfaces in LIBs. This will be discussed further on a
basis of the EIS results in the following part.

To clarify the Li+ and electron‐transport mechanism
in the electrode, Nyquist plots of the 12 h‐dealloyed 3D
DHP Cu–Sn and Cu–Sn/PANI electrodes at different
cycling states were further tested, as presented in
Figure 4F. It is evident that all Nyquist plots consist of
a compressed semicircle at a high–medium frequency
range and an inclined line in the low‐frequency
range.55,56 It has been well‐recognized that the diameter
of the compressed semicircle represents the charge
transfer resistance (Rct) depending on electrochemical
reactions happening at electrode/electrolyte interfaces,
and the slope of the inclined line is closely associated
with the Li+ diffusion rate inside electrode materi-
als.18,21,57 Clearly, the Rct value of the 3D DHP Cu–Sn/
PANI electrode before cycling is ca. 250Ω, slightly
lower than that (ca. 350Ω) of the 3D DHP Cu–Sn
electrode but much lower than that (ca. 600Ω,

Supporting Information: Figure S8) of the 2D HP
Cu–Sn electrode, indicating its better electron conduc-
tivity by the uniform coating of the PANI nanolayer.
Note that the Rct of the 3D DHP Cu–Sn/PANI electrode
after 50 cycles reduces prominently and can be
identified to be just 93.5Ω by equivalent circuit fitting
of EIS (Supporting Information: Figure S9 and Note 1),
fully demonstrating the excellent Li+/electron transport
ability and good electrode/electrolyte wettability in the
3D DHP Cu–Sn/PANI electrode.

To further verify its adjustable capacity feature by
simply changing the dealloying time of the initial alloy,
the 24 h‐dealloyed 3D DHP Cu–Sn nanocomposites
(Figure 3H) were served as a typical model to carry out
the PANI electrodeposition under the same condition,
resulting in the formation of 3D DHP Cu–Sn/PANI
nanocomposites with 5 at.% Sn, as displayed in
Figure 5A–D. Clearly, the plane and sectional micro-
structures of the 3D DHP nanocomposites after the
electrodeposition (Figure 5C,D) have quite similar config-
urations with the 24 h‐dealloyed 3D DHP Cu–Sn counter-
part (Figure 5A,B) except for a slight reduction in the
feature sizes of micron‐sized channel walls, indicating the
good microstructure inheritance after electrodeposition.
Moreover, the resistivity of the 24 h‐dealloyed 3D DHP
Cu–Sn and Cu–Sn/PANI nanocomposites was further
tested using a four‐point probe method (see Note 2 in the
Supplementary Material for measurement details). Obvi-
ously, the 3D DHP Cu–Sn/PANI nanocomposite (just
2.71 × 10−7Ω·m) has markedly lower resistivity than the
3D DHP Cu–Sn counterpart (5.08 × 10−6Ω·m), confirming
that PANI coatings effectively improve the electron
conductivity of the 3D DHP Cu–Sn nanocomposites.
Figure 5E displays the cycle performance of the 24 h‐
dealloyed 3D DHP Cu–Sn and Cu–Sn/PANI electrodes at
1mA cm−2. As can be seen clearly, the 1st reversible
capacities of both the 3D DHP electrodes can be
determined to be 2.78 and 3.11mAh cm−2, approximately
one‐fourth less than those counterparts by dealloying
just for 12 h, manifesting the favorable achievement of
capacity modulation in the 3D DHP electrodes by simply
changing the dealloying time of the initial alloy. Moreover,
the cycling stability of both the 3D DHP electrodes also
can be improved largely relative to the just 12 h‐dealloyed
counterparts (Figure 4C). Typically, the 24 h‐dealloyed 3D
DHP Cu–Sn/PANI electrode delivers the reversible
capacities of 2.45 and 1.98mAh cm−2 after 50 and 100
cycles, maintaining the high capacity retention of
78.8% and 63.8%, respectively. The SEM images of the
24 h‐dealloyed 3D DHP Cu–Sn/PANI electrode after 100
cycles are further shown in Supporting Information:
Figure S10. Obviously, the intact dendritic hierarchical

10 of 15 | LIU ET AL.

 27681696, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/bte2.20220032 by H

ong K
ong Poly U

niversity, W
iley O

nline L
ibrary on [22/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(A) (B)

(C) (D)

(E) (F)

(G) (H)

FIGURE 5 (A, B) Plane and sectional SEM images of as‐prepared 3D DHP Cu–Sn nanocomposites by chemical dealloying of the as‐cast
Cu35Sn65 alloy for 24 h. The inset at the left corner of part a is the corresponding chemical composition. (C, D) Plane and sectional SEM
images of as‐prepared 3D DHP Cu–Sn/PANI nanocomposites by PANI electrodeposition after the dealloying for 24 h. The inset at the
bottom‐left corner of part C is a typical digital picture of synthetic products. The insets at the top‐right corners of parts A–D are their local
high‐magnification images of micron‐sized channel walls. (E) Cycle performance of the 24 h‐dealloyed 3D DHP Cu–Sn and Cu–Sn/PANI
electrodes at a current density of 1mA cm−2. (F) Rate capability of the 24 h‐dealloyed 3D DHP Cu–Sn/PANI electrode at current densities of
1, 2, 3, and 4mA cm−2. (G) Cycle performance of the 3D DHP Cu–Sn/PANI//LiCoO2 full cell at a current density of 1 mA cm−2, in which the
inset shows a digital image of LED powered by the assembled full cell with the full‐charged state after 30 cycles. (H) Rate capability of the 3D
DHP Cu–Sn/PANI//LiCoO2 full cell at current densities of 1, 2, 3, and 4mA cm−2.
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porous structure still can be observed clearly after cycling,
which has little difference from the counterpart before
cycling, fully demonstrating its good structural stability.
Even if for the 24 h‐dealloyed 3D DHP Cu–Sn electrode
without PANI coatings, the reversible capacity of 1.3mAh
cm−2 still can be obtained after 100 cycles with ca. 46.9%
capacity retention, better than the 12 h‐dealloyed counter-
part, implying the relatively poor cycling stability
occurring in high‐capacity 3D tin‐based electrodes.
This is mainly because the higher Sn loadings in 3D
electrodes are prone to give rise to larger volume
and structure changes as well as an insufficient cushion
of mechanical strain in the unit area during repeated
lithiation–delithiation processes, easily leading to serious
cracking, pulverization, and detachment of active materi-
als from electrode surfaces. A detailed comparison of Li
storage properties of 3D DHP Cu–Sn/PANI electrodes
prepared by dealloying for different times with other tin‐
based electrode materials reported in the recent literature
has been performed, as listed in Supporting Information:
Table S1. Evidently, the boosted areal capacity and
prolonged cycle life can be achieved smoothly in the 3D
DHP Cu–Sn/PANI electrode, especially at high current
densities. Additionally, the 24 h‐dealloyed 3D DHP Cu–Sn/
PANI electrode displays superior rate capability, as shown
in Figure 5F. The reversible capacities of 3.26, 2.26, 1.61,
and 1.03mAh cm−2 can be reached in turn at the current
densities of 1, 2, 3, and 4mA cm−2, respectively. As the
current density went back to 1mA cm−2 again, a high
reversible capacity of 2.75mAh cm−2 still can be attained
after 100 charge–discharge cycles, retaining as high as
84.3% capacity retention in comparison with the 1st cycle,
demonstrating its outstanding rate performance. Note that
a slight capacity increase can be observed from the 21st to
30th cycles, which is likely attributed to the more active
material inside the electrode reacting with Li+ sufficiently
by the boosted reaction kinetics at the low current
density.58,59 These results further confirm that the capacity
modulation of the as‐prepared 3D DHP electrode can be
achieved effectively in a broad capacity range by a rational
dealloying strategy.

Besides, the 24 h‐dealloyed 3D DHP Cu–Sn/PANI
electrode as a binder‐free thick anode was also assembled
into Li‐ion full cells using commercial LiCoO2 as a
cathode to further demonstrate its suitability toward
practical applications of LIBs. Figure 5G,H shows the
typical electrochemical properties of the 3D DHP Cu–Sn/
PANI//LiCoO2 full cells tested in a voltage range of
2.5–4.2 V. As indicated in Figure 5G, the cycle perform-
ance curve exhibits the large 1st reversible capacity
of 3.57 mAh cm−2 with relatively high initial CE of
65.27% at a current density of 1 mA cm−2; after 30
charge–discharge cycles, the reversible capacity of

2.12 mAh cm−2 still can be reached with 58% capacity
retention, indicating its good cycling stability. A typical
digital photograph of a light‐emitting diode (LED)
powered by the full cell with the full‐charged state after
30 cycles is presented in the inset of Figure 5G, further
verifying its promising applicability in microelectronic
devices. Besides, the rate capability of the 3D DHP
Cu–Sn/PANI//LiCoO2 full cell was investigated in
Figure 5H. Clearly, the relatively large reversible capaci-
ties of 2.56, 1.57, 1.04, and 0.68mAh cm−2 can be
obtained after every five cycles at the current densities
of 1, 2, 3, and 4mA cm−2, respectively. When the current
density gets back to 1mA cm−2, the reversible capacity
increases to 2.35 mAh cm−2 quickly, maintaining as high
as 91.8% capacity retention in comparison with that of
the 5th cycle at the same current density. Note that after
enduring a series of high‐rate cycling, the assembled full
cell still can deliver the reversible capacity of 2.13
mAh cm−2 after 30 charge–discharge cycles, certifying
its good rate performance. Compared to other tin‐based
electrode materials with different structure designs in the
literature, the enhanced Li storage performance of
the as‐prepared 3D DHP Cu–Sn/PANI thick anode
with adjustable capacity can be mainly attributed to the
following: (1) The designed 3D porous framework
composed of (rather than coated by) Cu–Sn alloy NPs
can remarkably enhance its specific capacity at unit area
due to ultrahigh Sn content inside the electrode and
meanwhile improve the chemical microenvironment
between the current collector/active material interface
by small‐size and surface–interface synergistic effects.
(2) The unique 3D DHP structure not only greatly
facilitates the quick penetration of the organic electrolyte
throughout the entire electrode but also can significantly
reduce the diffusion distance of Li+ between the
electrode and electrolyte, resulting in the fast Li+ transport
ability. (3) Ample nanovoids among Cu–Sn alloy NPs and
inert Cu as the cushion component can effectively
accommodate huge volume and structure changes during
repeated lithiation–delithiation processes, leading to good
structural integrity. (4) The PANI nanolayer on Cu–Sn
alloy NPs can form 3D nanosized conductive networks as
high‐efficient electron‐transfer pathways inside electrode
materials and meanwhile improve the structural stability
of the electrode. (5) The addition of no binders and
conductive agents is beneficial for the further enhance-
ment of energy and power densities of full cells. Besides,
the Sn content of the 3D DHP Cu–Sn/PANI electrode can
be modulated easily in a wide composition range from
several to tens of at.% and the corresponding areal
capacity can be adjusted in a broad capacity region from
several to a dozen of mAh cm−2 by simply changing the
dealloying time of the initial alloy, which can be
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anticipated to greatly expand their possibility and
flexibility of application in an emerging industry. There-
fore, we believe that the present work provides a new
design concept for promising 3D metal‐based thick anodes
with high active material loadings and wide adjustable
capacity ranges in next‐generation LIBs.

3 | CONCLUSIONS

In summary, a facile and effective one‐step strategy has been
developed to fabricate freestanding 3D DHP Cu–Sn
nanocomposites by chemically dealloying an as‐cast
Cu35Sn65 alloy with dendritic segregation. A 3D DHP
Cu–Sn modified by PANI further makes the nanocompo-
sites with improved conductivity and structural stability,
which are typical of bimodal pore‐size distribution com-
posed of a dendritic micron‐sized ligament‐channel struc-
ture with interconnected nanoporous channel walls formed
by plenty of PANI‐modified Cu–Sn alloy NPs. When used as
binder‐free thick anodes for LIBs, the 12 h‐dealloyed 3D
DHP Cu–Sn/PANI nanocomposites exhibit enhanced Li
storage performance with a first reversible capacity of
13.9mAh cm−2, initial CE of 85.8%, capacity retention of
73.5% after 50 cycles, and superior rate capability with a
reversible capacity of 11.95mAh cm−2 after a series of high‐
rate cycles. This can be largely ascribed to the unique 3D
DHP structure, the moderate contact area between active
materials and electrolytes, good buffer effect of inactive
components, and uniform coating of PANI nanolayers with
good conductivity, which facilitates alleviating the huge
volume variation, enhancing the loading of active materials,
strengthening the stability of SEI films, shortening the Li+

diffusion length, and improving the electron conductivity.
Besides, the Sn content in the 3D DHP electrode and its
corresponding areal capacity can be tuned easily by simply
changing the dealloying time of the initial alloy. We believe
that this present work has an important implication for the
design and fabrication of 3D metal‐based thick electrodes
with high active material loadings and wide adjustable
capacity ranges toward practical applications of advanced
electrochemical storage devices.
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