
Citation: Zhao, S.; Meng, W.; Wang,

G.; Guo, C.; Ma, S.; Lei, Z.; Li, Y.; Guo,

M.; Song, H. The Effect of Structure

and Mechanical Properties Change of

Current Collector during Cycling on

Sb-Based Lithium-Ion Batteries’

Performance. Coatings 2023, 13, 780.

https://doi.org/10.3390/

coatings13040780

Academic Editor: Emerson Coy

Received: 17 January 2023

Revised: 20 March 2023

Accepted: 23 March 2023

Published: 17 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

The Effect of Structure and Mechanical Properties Change of
Current Collector during Cycling on Sb-Based Lithium-Ion
Batteries’ Performance
Songnan Zhao 1,2, Weijia Meng 1,2, Genwei Wang 1,2,3, Chunli Guo 4, Shengguo Ma 1,2,3, Zhipeng Lei 5,
Yuanyuan Li 5, Meiqing Guo 1,2,3,* and Hui Song 1,2,3,*

1 Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering, Taiyuan University of
Technology, Taiyuan 030024, China

2 Shanxi Key Laboratory of Material Strength & Structural Impact, College of Mechanical and Vehicle
Engineering, Taiyuan University of Technology, Taiyuan 030024, China

3 National Demonstration Center for Experimental Mechanics Education, Taiyuan University of Technology,
Taiyuan 030024, China

4 College of Materials Science and Engineering, Taiyuan University of Technology, Taiyuan 030024, China
5 College of Electrical and Power Engineering, Taiyuan University of Technology, Taiyuan 030024, China
* Correspondence: guomeiqing@tyut.edu.cn (M.G.); songhui@tyut.edu.cn (H.S.)

Abstract: Here, we investigate structure and mechanical change of Cu and Al current collector during
cycling and analyze the contribution to capacity attenuation of Sb-based lithium-ion batteries (LIBs).
There exists migration of C, Sb, and Li atoms to the inside of Cu current collector, and diffusion of Li,
Co, and O atoms to the inside of Al current collector during cycling, which results in the formation of
a porous film of Li2SbCu (with the thickness of 21 µm after 100 cycles) and a relatively dense film
of Al2O3 (with the thickness of 23 µm after 100 cycles) on the surface of Cu and Al current collector,
respectively. The formation of films results in a weak bond between active layer and current collector,
and the increase of hardness of 0.84 GPa and modulus of 22.5 GPa for Cu current collector after
100 cycles, which is adverse to the charge capacity and cycling stability. Nevertheless, Al2O3 films
caused hardness decrease of 0.53 GPa and modulus decrease of 18.93 GPa of Al current collector after
100 cycles, which contributes to the improvement of cycling stability and charge capacity. This study
provides an understanding of the capacity loss of Sb-based LIBs from the perspective of structural
degradation of current collectors.

Keywords: Sb-based lithium-ion batteries; current collector; mechanical properties; Al2O3 film;
Li2SbCu film

1. Introduction

The depletion and environmental issues of fossil energy call for the development of
renewable resources, such as sunlight and wind. Thus, it is of importance to look for the
energy storage devices to store energy harvested from renewable resources [1–4]. Lithium-
ion batteries (LIBs) are promising clean energy devices due to their unique electrochemical
energy storage mode, high energy density, adequate working voltage, and long cycle
life [5–7]. To date, LIBs have been widely applied in portable electronics devices and
electric/hybrid electric vehicles. Nevertheless, with the increase of energy demand, the
application of LIBs based on graphite cathode materials has been limited owing to the low
theoretical specific capacity of graphite (372 mAh g−1) [8]. Therefore, it is of importance to
develop LIBs with high energy and capacity density [9–11]. Carbon-, silicon-, germanium-,
antimony-, and titanium-based anode materials have been widely reported because of the
high theoretical capacity densities [12,13]. Especially, Sb has been extensively investigated
as a substitutable material to graphite in LIBs because of its high theoretical specific
capacity and mild reaction platform [14–16]. However, the nonreversible capacity decay
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after the electrochemical cycle and the short cycle life of Sb-based anode materials limit
their application in LIBs [17–19].

It is generally considered that the aforementioned capacity attenuation and poor
cycle stability of Sb-based anode materials are due to the volume strain of up to 150%
during the electrochemical cycle [20]. In details, during Sb alloying/dealloying process,
the irreversible formation of LixSb alloy caused expansion/strain stress, which leads to
the crushing of the Sb particles in the anode, and the formation and extension of fissures
on the electrode [21]. Furthermore, this behavior will result in the fragmentation of an
originally formed solid electrolyte interface (SEI) layer and the formation of a new SEI
membrane, which results in the continuous loss of lithium ions and the separation between
the active materials layer and the current collector after multi cycles [22,23]. The continuous
occurrence of the foregoing changes finally results in the mechanical stability decrease of
electrode and the reversible capacity attenuation of anode materials [24].

In addition, it is reported that the electrochemical performance of LIBs is related to
morphology, mechanical properties, and anti-corrosion characteristics [25–32]. Zhang [25]
reported the dissolution of Cu collector in electrolyte under 3.5–4.5 V and the dissolution
of Al collector over 3.0 V. Lee [26] studied the cycling performance of the electrode slurry
on the copper collector with different surface morphology and found that nodule-type foil
is quite effective for improving the cycle performance for Si-based electrodes. Guo [27]
developed an electrochemical mechanical representative volume element model to study
the contact behavior of porous electrodes. The decrease in the elastic modulus of the
collector increases the contact radius and reduces the contact stress. Compared with
the smooth current collectors, rough current collectors have a smaller contact area and
larger contact stress when contacting active particles. Tang [28] reduced the roughness of
electrolytic copper foil with electropolishing. The results show that copper foil with low
roughness has high electrical conductivity, which can effectively improve the uniformity of
graphite anode coating. The contact area between low roughness copper foil and electrolyte
is small, and the corrosion resistance is stronger. HJ Ahn et al. [29,30] fabricated the porous
structure on the surface of pure metal Al current collector and the carbon quantum dots-
coated stepped porous Al current collector, which was unitized as the cathode current
collector. It is found that the electrochemical cycling and ultrafast discharge performance of
LIBs can be enhanced due to the excellent conductivity and enlarged contact area between
the active materials layer and the current collector. L Roué et al. [31] found that rough
surface morphology of Cu current collector can enhance the adhesion of active materials
to the Cu current collector, which contributes to the improvement of reversible capacity
and cycling stability. Similar results were also obtained by WB Jung and HT Jung [32], and
they fabricated the LIBs with a wrinkled Cu as the current collector and believed that the
improved electrochemical cycling should be attributed to the enhanced adhesion between
active materials and the current collector.

All investigations have confirmed the importance of morphology roughness, mechani-
cal properties, conductivity, and anti-corrosion characteristics of the current collector before
cycling to the performance of LIBs. Meanwhile, in our previous work, we found that there
exists the migration of Li, C, and O atoms towards the Cu current collector during electro-
chemical cycling [33], resulting in some changes of composition, structure, and conductivity
of current collector. Also, Hyams et al. [34] reported that the dissolved Al element exists in
the electrolyte, and the amount of Al in the electrolyte increases with the number of cycles
and the temperature, which confirmed the corrosion of Al during cycling. However, a few
investigations are focused on this performance change of Cu and Al current collectors after
cycling and the corresponding effect on the performance degradation of LIBs. Therefore, it
is important to clarify the microstructure and performance change of Cu and Al current
collectors during repeated discharge/charge process, and the effect mechanism on capacity
decrease of Sb-based LIBs.

Accordingly, in this study, we investigate the change of the Cu and Al current collector
in Sb-based lithium-ion full batteries and analyze its contribution to the capacity decrease.
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We have assembled LIBs using Sb nanocrystal-anchored hollow carbon microspheres
(Sb@HCMs)/Cu anode and LiCoO2/Al cathode (the detailed information of Sb@HCMs,
LiCoO2 and the electrochemical performance of LIBs with Sb@HCMs/Cu anode and
LiCoO2/Al have been reported in our previous work [35]), and investigate the morphology,
composition, phase structure, and local deformation behavior of Cu current collector and Al
current collector after different cycles. Also, the change of current collector and its detailed
effect on the performance of LIBs were analyzed. This study provides novel thinking for the
capacity decrease of Sb-based LIBs, and guidance for the design and surface modification
of current collector.

2. Materials and Methods
2.1. Synthesis of Nano Sb@HCMs

The synthesis and structure details of Sb@HCMs and LiCoO2, and the assemble and
electrochemical performance of Sb@HCMs/Cu//LiCoO2/Al full cells have been reported
in our previous work [35]. In brief, 0.1 g of yeast was dispersed in 5 mL of culture medium
and kept for 24 h at 37 ◦C. The suspension was centrifuged at 6000 r min−1 for 10 min and
washed by NaCl solution (0.15 mM) three times. The as-collected yeast cells were fixed by
10 mL of glutaraldehyde (2.5%) at 4 ◦C oven overnight, dehydrated using sequential ethanol
of 20%, 20%, 80%, 90%, and 100%, and calcined in air for 2 h at 300 ◦C to form hollow
carbon microspheres (HCMs). Then, HCMs (0.1 g) and SbCl3 (0.8 g) were magnetically
dispersed in ethylene glycol, and subsequently the NaBH4 solution (0.1 M, 12 of pH) was
added. Finally, the mixture was kept at 60 ◦C for 2 h and collected after being washed
with deionized water and ethanol five times. The Sb nanocrystal-anchored hollow carbon
microspheres (Sb@HCMs) were obtained by being centrifugated at 8000 r min−1 for 10 min
and dried at 60 ◦C for 5 h in a vacuum. All raw chemicals are of analytical grade and used
as received without other treatment.

2.2. Materials Characterization

A field emission scanning electron microscope (SEM, JSM-7100F, JEOL, Tokyo, Japan)
was used to observe the surface and section morphology. Precision Ion Polishing System
(Gatan 691, Gatan, Pleasanton, CA, USA) and high resolution transmission electron mi-
croscopy (HRTEM, Tecnai-G2F20, FEI, Hillsboro, USA) was used to observe the lattice
fringes. X-ray powder diffractometer (XRD, RigakuD/MAX-2500, Cu-Ka, λ = 1.54178 A,
Rigaku, Tokyo, Japan) and Energy dispersion X-ray spectrometer (EDX, XM 20, OXFORD,
Oxford, UK) were used to analyze the crystal structure and composition. The indenter used
in the experiment is Bosch triangular pyramid indenter, which is easy to operate and can
produce plastic deformation under a small load. The nanoindentation experiment method
of continuous stiffness was adopted. The indentation speed is 10 nm s−1, the frequency is
45 Hz, and the loading strain rate is 0.05 s−1. Figure 1 depicts a schematic diagram of the
parameters of the press head when pressed into the material and after unloading, where
h is the full depth, hc is the contact depth, and hs is the displacement of the surrounding
material at the compression.
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2.3. Electrochemical Characterization

The 2032-type coin full LIBs were assembled in an Ar glove box. The cathode was
fabricated by pasting the slurry consisting of Sb@HCMs, acetylene black and carboxymethyl
cellulose with a mass ratio of 6:3:1 on the bare Cu disk with a diameter of 12 mm. Similarly,
the active materials layer in the anode was composed of 80% of LiCoO2, 10% of acetylene
black and 10% of polyvinylidene fluoride, and the current collector was Al foil with a
diameter of 14 mm. The separator and electrolyte were a Celgard 2400 (Celgard, LLC,
Charlotte, NC, USA) and 1 M LiPF6 in carbonate(EC)/dimethyl carbonate(DMC)/diethyl
carbonate(DEC) with a volume ratio of 1:1:1. The full LIBs cycled to the 1st, 10th, 30th,
50th, and 100th cycle at the current density of 0.1 A g−1 from 0.01 V to 2 V versus Li/Li+,
and disassembled in an Ar atmosphere glove box. The Cu and Al current collectors for the
experiment were washed by EC/DMC/DEC. All raw materials are analytical and used
without other treatment.

3. Results and Discussion
3.1. Morphology, Structure, and Mechanical Performance Evolution of Cu Current Collector
during Cycling
3.1.1. Morphology and Structure Analysis

The phase structure of Cu is analyzed by XRD, and the results are shown in Figure 2a.
From Figure 2a, the diffraction peak at 43.34◦, 50.47◦, and 70.18◦ can be assigned to the (1 1
1), (2 0 0), and (2 2 0) crystal face of cubic Cu. The (0 0 2) crystal plane of carbon can also be
observed according to the wide diffraction peak in the range of 20◦~30◦, which increases
with the increase of cycle number. More C atoms in the active materials layer are suggested
to diffuse into the tetrahedron and the octahedron voids of cubic Cu. The weak and small
diffraction peaks at 24.58◦and 74.032◦ indicate the formation of Li2SbCu alloy phase, which
is associated with the migration of Sb and Li atoms to the Cu current collector.

Figure 2. (a) XRD patterns of the Cu current collector disassembled from LIBs after different dis-
charge/charge cycles. HRTEM images of the Cu foils disassembled from the LIBs before (b) and after
(c) 100 cycles. The insert of (b,c) is enlarged portion of corresponding red area.

To further confirm the migration of Li, C, Cu, Sb between the active materials layer
and the Cu foil and their distribution change along with the cross-section during dis-
charge/charge process, the HRTEM scans of the Cu foil before and after different cycles
are performed. The HRTEM images of Cu foils before and after 100 cycles are shown in
Figure 2b,c. From Figure 2b, for Cu foils disassembled from the LIBs without cycling, the
lattice spacing is 1.090 nm, which corresponds to the (3 1 1) crystal plane of cubic Cu. From
Figure 2c, the lattice fringes of after 100 cycles are disordered, which can be attributed to
the existence of C atoms in the porous layer and weak crystallinity of Li2SbCu in the porous
layer. It is speculated that the migration of C, Sb, and Li atoms into the copper foil during
the electrochemical cycle destroys the original crystallinity of the copper foil.



Coatings 2023, 13, 780 5 of 14

The surface microphotographs of Cu foils in LIBs, which cycled to the 0, 1st, 10th, 30th,
50th, and 100th cycle, are shown in Figure 3. From Figure 3, the Cu foil has a relatively dense
surface with irregular bulges, and the width of gaps among bulges is 250–350 nm before the
discharge/charge process (Figure 3a). When the LIBs experienced one discharge/charge
cycle, the surface of the Cu foil becomes rougher than that before cycling, and the width of
cracks among irregular bulges is ~700 nm (Figure 3b). As speculated, for Cu foils obtained
from the LIBs after ten and thirty cycles, the crack size among bulges increases with
increasing the discharge/charge cycle (Figure 3c,d). The rough surface and the increased
crack size may be due to the corrosion of Cu foil in HF produced by the disintegration
of LiPF6 during discharge/charge cycles. Kawakita and Kobayashi [36] revealed that
the formation of irregular bulges and the width of gaps on the surface of Cu is related
to the oxidation and corrosion of Cu in the electrolyte. Interestingly, part of the cracks
among bulges vanished after fifty and one hundred cycles, which is attributed to the fill of
electrochemical reaction sediment between electrode material and electrolyte.
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Figure 3. SEM microphotographs of the surface of Cu foils disassembled from the LIBs before (a) and
after (b–f) different cycles.

From Figure 4, the original Cu foil has a smooth, continuous, and dense cross-section
with no gaps (Figure 4a). For the Cu foil disassembled from the LIBs after one cycle, a
thin and porous film is observed on the surface of the Cu foil, and no obvious separation
between this porous film and Cu foil can be found (Figure 4b). It is speculated that the loose
and porous film is caused by continuous corrosion of Cu by HF and migration of atoms in
active materials layer to Cu foil. With the prolonging of discharge/charge cycling to ten
and fifty cycles, there is an obvious thickness increase of the porous film and visible local
separation between porous film and Cu foil (Figure 4c,d). When the LIBs experienced one
hundred cycles, large gaps were formed between porous film and Cu foil (Figure 4e). It is
certain that the current collector consists of the original Cu foil and the new-formed porous
film after the discharge/charge process and the thickness of the current foils increases. This
microstructure change will impair the conductivity and mechanical stability of current
collector finally causinghe capacity and stability decrease of LIBs. The thickness change of
the original Cu foil and the new-formed porous film during the discharge/charge process
is shown in Figure 4f.
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From Figure 5a, only Cu element is observable for the Cu foils obtained from the LIBs
before cycling. According to Figure 5b–e, the existence of C and Sb elements in the Cu foil
confirmed the migration of C and Sb atoms from the active materials layer to the Cu foil.
Also, the content of C atoms is larger than that of Sb, suggesting the rapid migration rate
of C atoms than Sb due to the small diameter of the atom. The migration distance into
the original Cu foil increases with the cycle number, indicating that the discharge/charge
process mainly drives this atom migration. In addition, the content of the Cu element is
larger than that of the C and Sb elements in the Cu foil, and the content of the C and Sb
element is larger than that of the Cu element in the new-formed porous film of Li2SbCu,
which is likely caused by the continuous corrosion of Cu foil in the electrolyte and the
reaction among Li, Sb, and Cu atoms. The spatial distribution of C, Cu, and Sb in the
porous film of Li2SbCu after one cycle is similar to that after one hundred cycles, implying
the repeated occurrence of the process mentioned above and reaction.

3.1.2. Mechanical Properties

The mechanical property of current collecting foil is very important for the relia-
bility design and safety evaluation of the lithium-ion battery [37]. It is important to
understand the mechanical behavior change of the current collector during cycling. The
nano-indentation test is performed to investigate the local mechanical behavior of Cu foils
after different cycles. Figure 6 shows the nominal contact modulus and hardness of Cu
foils before and after different cycles. From Figure 6a, the contact modulus of the original
copper foil is 48.75 GPa, which is consistent with the contact modulus of 50 GPa of the
copper foil used as a fluid collector in the literature [38]. The nominal contact modulus
of Cu foils after one cycle, ten, and thirty cycles is larger than that of the original Cu foil
and increases with the cycle number, which is likely associated with the reinforcing effect
of Li2SbCu. When the full LIBs experience more than thirty cycles, the nominal contact
modulus decreases with the cycle number caused by the continuous growth of porous
structures. It is well known that surface roughness plays a crucial role in its indentation
hardness, while the indentation hardness of a smooth surface is greater than that of a rough
surface [39]. Figure 6b shows that the indentation hardness of the original copper collector
is 0.95 GPa. The discharge/charge process increases the indentation hardness of Cu foils,
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which is attributed to the strengthening effect of Li2SbCu. Also, the indentation hardness
of Cu foils increases with the cycle number when the full LIBs experienced less than thirty
cycles and decreases with the cycle number when the cycle number is more than fifty, which
is due to the excess growth of porous structures [39,40]. It is indicated that there exist two
main factors, solution strengthening of Li2SbCu and weakening effect of porous structure,
affecting the mechanical performance of current collector during discharge/charge process.
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3.2. Morphology, Structure, and Mechanical Performance Evolution of Al Current Collector
during Cycling
3.2.1. Morphology and Structure Analysis

From Figure 7a, the diffraction peaks at 38.45◦, 44.83◦, 65.18◦, and 78.03◦ correspond
to the (1 1 1), (0 0 4), (2 0 8), and (1 1 1) crystal planes of Al, respectively. The peaks at
24.57◦ and 43.47◦ correspond to the (0 0 2) and (1 0 0) crystal planes of graphite carbon,
respectively. Also, with the prolonging of the discharge/charge cycle, the peak shape
of (0 0 2) peak of graphite carbon becomes narrow, and its intensity becomes strong. It
indicates that the C atoms in the active materials layer migrate continuously into the Al
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current collector during the discharge/charge process. The diffraction peaks at 19.58◦ and
31.93◦ correspond to the (1 1 1) and (2 2 0) crystal planes of Al2O3, respectively, and no
peaks associated with Sb, Co, and Li can be found. The result suggests that there exists
the migration of O atoms into Al current. These O atoms react with Al to produce the
passivation layer of Al2O3 on the surface of Al foils.
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charge/charge cycles. HRTEM images of the Al foils disassembled from the LIBs before (b) and after
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The HRTEM images of Al foils before and after 100 cycles are shown in Figure 7b,c.
From Figure 7b, the lattice spacing is 0.242 nm, corresponding to a (3 1 1) crystal plane of
Al2O3. After 100 cycles, the lattice fringe of 0.240 nm agrees well with the (3 1 1) crystal
plane of Al2O3, in accordance with XRD results. This is associated with the formation of
Al2O3 film on the surface of Al current collector.

Figure 8 shows the surface morphology of Al foils disassembled from the full LIBs
before and after being discharged/charged to one cycle, ten, fifty, and one hundred cy-
cles. Before the discharge/charge process, the Al foil shows a smooth and dense surface
(Figure 8a), and no large morphology change is found after one cycle (Figure 8b). Increasing
the cycle number to ten, some gullies appeared on the surface of Al foils (Figure 8c). When
the LIBs are discharged/charged to fifty, there is an obvious decrease in the number of
gullies on the surface of Al foils, while some small holes and cracks appear (Figure 8d).
With increasing the cycle number to one hundred, more cracks are formed on the surface
of Al foils and the size of cracks becomes large (Figure 8e). It is most likely that the dis-
charge/charge potential promotes the decomposition of LiPF6 salt, leading to the formation
of more HF in the electrolyte solution and the rapid corrosion of Al foils, which finally
caused the formation and growth of cracks [41,42]. Also, the corrosion of Al foils is related
to the self-discharge of LIBs [43].
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Figure 8. SEM microphotographs of the surface of Al foils disassembled from the LIBs before (a) and
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As observed in Figure 9, as expected, before the full LIBs are discharged/charged, the
original Al foil has a smooth and dense cross microstructure (Figure 9a), which is similar to
the Cu foil. After one cycle, a thin and relatively loose film of Al2O3 (Figure 9b) formed
at the interface between the Al foil and the active materials layer. From Figure 9c,d, no
significant separation or cracks can be found along with the interface between the Al foil
and the Al2O3 film after ten and fifty cycles, which differ from the Cu foil in anode. It is
indicated that the new-formed Al2O3 film is relatively stable, which is likely attributed to
the stable structure of active materials in cathode. With the cycle number prolonged to one
hundred, small gaps appeared at the interface between the Al foil and the Al2O3 film, and
the Al2O3 film became relatively loose (Figure 9e). In addition, there exists the thickness
change of the Al foil and the Al2O3 film during the discharge/charge process. As shown in
Figure 9f, the thickness of the Al foil decreases and the thickness of the Al2O3 film increases
with increasing the cycle number, which is attributed to the migration of Li, Co, and O to
the Al foil and the dissolution of Al in the electrolyte.

Figure 10a,b show that there exist Co and O elements in the Al foil compared with the
original Al foil before cycling. The amount of Co and O increases with increasing cycling.
Also, the amount of Al is larger than that of Co and O atoms in the layer of Al foil, and
the amount of Al is smaller than that of Co and O atoms in the film of Al2O3. All of these
suggest the continuous dissolution of the Al foil and the migration of Li, Co, and O to the
Al foil during the discharge/charge process. The morphology and structure change of Cu
and Al foils will lead to the weak bond between the active material layer and the current
collector, the decreased conductivity, and the thickness increase of current collector. All
of these finally lead to the capacity and stability decrease of LIBs. The generation of the
second phase will lead to the local mechanical behavior change of current collector.
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3.2.2. Mechanical Properties

From Figure 11a,b, the local contact modulus is ~40 GPa for original Al foils and
exhibits a tiny change for Al foils after one cycle, which should be related to the migration
of carbon atoms and the formation of Al2O3. The discharge/charge process causes the
continuous growth of the loose Al2O3 film, which leads to the gradual decrease of contact
modulus and indention hardness of Al foils with the cycle number. When LIBs cycled more
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than fifty cycles, no large change of the contact modulus and indentation hardness can be
found. It may be attributed that the Al2O3 film on the surface of Al foil protects it from
further rapid corrosion.
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At present, most of the research on the current collector mainly focuses on how to mod-
ify the current collector before cycling to improve its electrochemical performance [44–46].
The above conclusions describe the electrochemical-induced structure degradation of the
current collector of lithium-ion batteries during cycling and found it plays an important
key in cycling performance of Sb-based LIBs. This study provides an understanding
of the capacity loss of Sb-based LIBs from the perspective of structural degradation of
current collectors.

4. Conclusions

Here, we investigate the structure and mechanical changes of Cu and Al current
collectors in Sb-based LIBs and analyze their contributions to the capacity decrease. The
following conclusions can be summarized.

(1) There exists the migration of C, Sb, and Li atoms to the inside of Cu current collector,
and the diffusion of Li, Co, and O atoms to the inside of Al current collector during
cycling, which results in a porous film of Li2SbCu and a relatively dense film of Al2O3
formed on the surface of Cu and Al current collector, respectively. The thickness of
films increases with cycling.

(2) The formation of films leads to the poor conductivity and weak bond between active
layer and current collector, and the increase of hardness of 0.84 GPa and modulus of
22.5 GPa for Cu current collector after 100 cycles, all of which finally results in the
decrease of rate performance and cycling stability of LIBs.

(3) The restriction effect from cracks or poles of Al2O3 film leads to the smaller contact
modulus and hardness of Al foils after cycles than the original Al foils. It caused
hardness decrease of 0.53 GPa and modulus decrease of 18.93 GPa of Al current
collector after 100 cycles, and no large change of the contact modulus and indentation
hardness can be found after fifty cycles, which contributes to the improvement of
cycling stability and charge capacity.

The study provides the understanding of the capacity loss of Sb-based LIBs from
the perspective of structural degradation of current collectors during cycling. It indicates
that this electrochemical-induced structure degradation plays an important key in battery
performance, including the electric and mechanical connection between active materials
layer and current collector, and the constriction to active materials layer. For a conventional
electrode, the poor adhesion between the active layer and current collector may lead to
mechanical and electrical failure. Therefore, the integrated current collector or freestanding



Coatings 2023, 13, 780 12 of 14

electrode can strengthen or avoid the cycling-induced interface instability, and is also a
promising electrode structure for the improvement of cycling stability of LIBs.
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