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Composite Material for Aqueous Sodium-Ion Batteries
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Abstract: This study combines self-prepared NaTi,(POy4)3 (NTP) with commercial vapor-grown car-
bon fiber (VGCF) using a solid state calcination, then coats it with carbon to synthesize the composite
anode material NaTi, (POy4)3/VGCF@C (NTP/VGCF@C). The microstructure and electrochemical
properties of the composite material were then analyzed using microstructure analysis and electro-
chemical testing equipment. Single phase NTP shows nanoparticles with a polyhedral structure, and
there is good contact at the interface between the nanoparticles and the VGCFs. The carbon coating
formed on the NTP particles displays a nearly 6.5 nm thick layer of amorphous carbon. From the
coin-cell battery performance measurements, after 850 cycles, the composite material NTP/VGCF@C
exhibits an excellent retention rate of 96.3% compared to that of the pure NTP material when the
current density is 200 mA/g. As a result, the composite material and lithium manganate (denoted as
LMO) were assembled into an LMO-NTP/VGCF@C aqueous sodium-ion soft pack full battery system.
The full battery shows an initial capacity of 31.07 mAh at a rate of 0.5C, and a reversible discharge
capacity retention rate of 95.8% after 480 cycles, exhibiting a good long-cycle stability performance.

Keywords: aqueous sodium-ion battery; composite material; electrochemical performance

1. Introduction

With the increasing demand of the large-scale energy storage market, a rechargeable
energy storage battery has been developed and researched. Currently, the lithium-ion battery
is the most widely used chemical energy storage system, but it cannot meet the needs of
large-scale application, mainly due to the shortage of high-cost lithium resources [1-6]. In
contrast, sodium is abundant on the earth and is also much cheaper than lithium; thus,
lithium-ion batteries may be replaced by sodium-ion batteries in large-scale energy storage
applications [7-10]. However, sodium-ion has a significant impact on the deintercalation of
sodium ions due to its large ionic radius (1.02 A) [11,12]. Therefore, it is particularly urgent
to develop suitable materials for the development of the sodium-ion battery (SIB). At
present, hard carbon is the most widely used anode material for SIB since it exhibits good
Na™ storage performance. However, hard carbon easily forms sodium dendrites when the
working voltage is lower than 0.1 V, thus causing a safety concern [13,14]. However, TiO; is
also widely studied as a metal oxide anode materials for use in sodium-ion batteries, since
under the condition of deep discharge, the theoretical capacity of TiO; is up to 335 mAh/g.
However, TiO; is a semiconductor with low conductivity, leading to its low electrochemical
activity. It is necessary to combine TiO, with highly conductive materials to achieve its

Batteries 2023, 9, 265. https:/ /doi.org/10.3390/batteries9050265 1 https:/ /www.mdpi.com/journal /batteries
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purpose [15-19]. Therefore, it is necessary to develop a new type of electrode material
suitable for sodium-ion batteries.

It is well known that NTP contains Na super ionic conductor (NASICON), with an open
three-dimensional frame structure which facilitates ion diffusion. It consists of TiOg octahe-
drons and POy tetrahedrons that are connected to each other through oxygen atoms [20-22].
The reversible sodiation and desodiation between NaTiy(PO4)3 and NasTip(POy)s, i.e., the
redox reactions of Ti’* < Ti*t via a two-phase reaction mechanism, can be represented

by equation: NaTip (POy), + 2Na™ + 2e~ (Shorge—dischargg NazTi; (POy), [23,24]. However,
due to its poor electronic conductivity, the NTP anode material cannot play its proper role
in the sodium-ion battery [25]. In order to improve the electronic conductivity, several
methods have been tested: (1) introducing conductive agents to increase the conductivity
of the material [26-29]; (2) enhancing the conductivity or hydrophilicity of materials with
doping elements [30,31]; and (3) constructing nanostructures and carbon-coated structures
to improve the stability and electronic conductivity of materials [32]. For example, A sol-gel
method was reported to embed nano-NTP particles into a mesoporous carbon matrix to
artificially improve electronic conductivity [33]. The sodium-ion anode material showed
excellent electrochemical performance at the current density of 4 A/g and the high rate
of 20C. The presence of the interconnected porous carbon material effectively improved
the electrochemical performance of the sodium-ion battery anode composite material. In
addition, a three-dimensional (3D) porous structure containing fluoride NaTi,(PO,);@C
(F-NTP@C) was created to improve the storage capacity of Na*. After 2000 cycles at
10C, the capacity retention rate was reported to be 75.5%. The addition of F-ions and the
three-dimensional porous structure design effectively enhanced the electronic conductiv-
ity and Na-ion dynamics [34]. Since graphene possesses both astonishing surface area
and conductivity, the NaTip(PO4)3-graphene nanocomposite anode material for aqueous
sodium-ion batteries was synthesized using the solvothermal method and subsequent
high-temperature calcination [35]. Highly crystalline NaTi,(PO,); nanoparticles were re-
ported to be uniformly distributed on the surface of the nanographene, with good electrical
conductivity. This type of nanocomposite exhibited excellent high-rate and cycling stability
performance in a 1 mol/L NaySO4 aqueous electrolyte; it showed high specific capacities
of 110 mAh/g at 2C rates, and the capacity retention rate was 90% after 100 cycles. In
addition to graphene, a carbon nanotube (CNT) was mixed with NaTiy(PO4); and graphite
by mechanical ball milling to prepare a composite material [36]. The composite showed
the best electrochemical performance when 6.2 wt.% graphite coated on NaTip(POy4)3 and
15 wt.% CNT were used as the conductive agent, and the initial specific capacity reached
130 mAh/g at 0.1C rate. Carbon coating has been reported to be an effective strategy for
improving NTP electrochemical properties [37]. The NaTiy(PO4)3/C composite material
coated with double carbon layers using the soft chemical method yielded reversible specific
capacities of 133 and 64 mAh/g at 0.5C and 50C, respectively, showing excellent cycle
stability and rate performance. To our knowledge, the addition of nano carbon fiber into
NTP anode material has not been previously reported.

At present, the organic electrolytes used in the sodium-ion energy storage battery are
highly inflammable and explosive, resulting in a safety risk. However, the aqueous sodium-
ion battery is a safe energy storage technology because it adopts a salt water solution as
an electrolyte, which does not easily ignite or explode; thus, battery combustion and ex-
plosion accidents can be basically avoided. It is noted that the narrow thermodynamic
electrochemical window of water is about 1.23 V. This means that the voltage of the sodium-
ion battery in water under normal conditions will not exceed 1.5 V. As a result, only a few
aqueous sodium-ion battery systems have been studied. At present, the battery system match-
ing the NaTi,(PO,); sodium-ion anode material mainly includes NaTiy(PO,)s ||Nag 44MnO,,
NaTip(POy)3||Naz V2 (PO4)3 and NaTiy (POy)3||Prussian blue cathode [38—43]. For the aqueous
sodium-ion battery consisting of (NaTip(POy4)3||1 mol/L NaySO;||Na,CuFe(CN)g) [44], the
reversible specific capacity is 104 and 50 mAh/g at 2C and a 100C rate, and after 1000 cycles
at the 10C rate, the specific capacity and capacity retention rate are 74 mAh/g and 88%,
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respectively. As for the aqueous sodium-ion battery consisting of (NaTiy(PO4)3||1 mol/L
NaSO4 + 1 mol/L Li;SOy ||]A — MnO,), the discharge capacity of the full battery is 800 mAh
at a current density of 50 mA, and the specific capacity reaches 89% of the theoretical ca-
pacity [45]. Another aqueous sodium-ion full battery consisting of NaTi,(PO,)3|/1 mol/L
Na,SOy ||Nag 44MnO; reveals that the reversible specific capacity is 50% of the initial spe-
cific capacity after 1600 cycles [46]. Overall, the cycle stability and energy density of an
aqueous sodium-ion full battery must be further improved in order to meet the require-
ments of existing large-scale energy storage. Therefore, the development of key materials
is very important for the application of an aqueous sodium-ion full battery for large-scale
energy storage.

In this paper, the vapor-grown carbon fiber (VGCF) was first added into the NaTiy(POy)3
anode material and then coated with carbon to synthesize an NTP/VGCF@C composite mate-
rial. The microstructure and electrochemical performance of the composite material were
investigated. Moreover, an aqueous sodium-ion soft pack battery system was assembled
with a lithium manganate (LMO) cathode material (Daxiang Energy Technology Co., Ltd.,
Baiyin, China) and an NTP/VGCF@C anode material. This full battery showed a very
good long cycling stability. Hopefully our findings can provide useful guidance for the
industrial production of an aqueous sodium-ion battery.

2. Experimental Procedure
2.1. Sample Preparation

In this experiment, the analytically pure raw materials NayCO3 (Chinese medicine
chemical reagent, purity 99%), TiO(OH), (Macklin reagent, purity > 99%), and NH4H,PO4
(Macklin reagent, purity 99%) were used for preparing the NTP phase as a first step, and
then carbon fiber VGCF and citric acid were added as a second step to create a nanostruc-
tured composite NTP /VGCF@C material using the mechanical grinding + high temperature
calcination + carbon surface modification method. Specifically, sodium carbonate, metti-
tanic acid, and ammonium dihydrogen phosphate were weighed and added to a stainless
steel ball mill tank, according to molar ratio of 0.5:2:3. Then, 20 mL of alcohol containing
0.5% of the thickening agent polyvinyl butyral (PVB) was added into the stainless steel
ball mill tank and mixed for 300 rpm for 2 h to ensure full grinding and mixing. The
mixed solution was stirred and dried in a heated magnetic agitator to prepare the precursor
material of carbon composite NTP for aqueous sodium-ion batteries. The precursor powder
was pressed using a 20 MPa tablet press (size: diameter: ®60 mm x thickness: 10 mm) and
then transferred to a muffle furnace for high temperature calcination. The high temperature
calcining process was as follows: pre-calcining at 350 °C for 2 h, then calcining at 800 °C for
9 h, with a heating rate of 3 °C/min, finally yielding the NTP sodium-ion anode material.
The sintered titanium-phosphate anode material was crushed and sifted by the crusher, and
the particle size was controlled below 20 um. The NTP anode material, carbon fiber VGCE,
citric acid, and thickening agent PVB were added to the alcohol solution according to the
mass ratio of 90:0.5:8.5:1, nano-grinding and mixing were carried out in the sand mill for
5 h, and the grinding mixed solution was stirred and dried in the heated magnetic agitator.
Then, the carbon composite NTP/VGCF@C aqueous sodium-ion nano-anode material
was prepared by carbonization sintering in a tubular furnace under an argon atmosphere.
The carbonization sintering process is described as follows: presintering at 300 °C for 1 h,
followed by calcination at 650 °C for 3 h at a heating rate of 3 °C/min. The preparation
process of NTP and NTP/VGCF@C sodium-ion anode materials is shown in Figure 1.
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Figure 1. Schematic illustration of the preparation process for NTP and NTP/VGCF@C sodium-ion
anode materials.

2.2. Battery Assembly

The prepared active material (NTP, NTP/VGCF@C, or LMO), conductive agent (Super-
P), and binder (polyvinylidene fluoride (PVDF)) were mixed in an agate mortar at a mass
ratio of 8:1:1, and an appropriate amount of N-methyl-2-pyrrolidone (NMP) solvent was
added to prepare an evenly mixed slurry. The slurry was then evenly coated onto the
copper foil using a doctor blade and dried at 80 °C for 24 h. A circular electrode disc of
12 mm in diameter (the soft pack battery pole size was 60 mm x 60 mm) was prepared using
punching equipment as the research electrode and a sodium metal piece as the counter
electrode. A total of 2025-type coin-cell batteries were then assembled in a glove box. The
cutting NTP/VGCF@C anode electrode and LMO cathode electrode were assembled into
an LMO-NTP/VGCF@C soft pack full battery. The electrolyte was 2 mol/L CH3COONa
and 2 mol/L CH3COOQOLj, and the diaphragm was made of non-woven fabric.

2.3. Microstructure and Electrochemical Properties Analysis

The microstructure of the prepared anode materials was analyzed using a field emis-
sion scanning electron microscope, model TESCAN MIRA LMS. The microstructure and
composition were analyzed by a transmission electron microscope (TEM), model JEM-
2100F. Phase analysis was conducted using the Bruker D8 Advance X-ray diffractometer
(Scientific Compass). The cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) were tested using the CS310H model electrochemical workstation tester,
with the CV scanning speed of 0.02 mV/s. The electrochemical performance of the coin-cell
batteries were tested using an electrochemical cycle system (Neware Technology Co., Ltd.,
Shenzhen, China). The prepared active material was used as a work electrode, while a thin
sheet of sodium was used as a reference electrode. The voltage testing range of the coin-cell
batteries was from 1.5 V to 3 V. For the LMO-NTP/VGCF@C soft pack full battery, and the
voltage testing range was from 1.2 V to 1.9 V at a 0.5C rate, and the test temperature was
maintained at a room temperature of 25 °C.

00008+ Do0SE UOHRUD[ED ATV
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3. Results and Discussion
3.1. Phase and Element Analysis

Phase analysis was carried out on the synthesized NTP and its composite NTP /VGCF@C
powder samples. These two XRD patterns are compared and shown in Figure 2a,b.

15,000
12,500 [
10,000 [
7500 [
5000

—— NTP/VGCF@C

o

(116)

15 20 25 30 35 40 45 50 55 60 65 70

Degree(20°)

Figure 2. XRD patterns of: (a) JCPDS Card NO.33-1296; (b) NTP anode material and (c¢) NTP/
VGCF@C anode composite material.

According to JCPDS Card NO.33-1296, in the diffraction range of 10°~80°, as shown
in Figure 2a, the characteristic diffraction peaks of pure NTP appear at 14.52°, 20.27°,20.9°,
24.25°, 25.54°, 29.27°, 32.42°, and 36.31°, etc., corresponding to the crystal plane index
of (012), (104), (110), (113), (202), (024), (116), and (300), etc. This standard card pattern
perfectly matches the measured whole pattern obtained from the synthesized NTP powder,
as shown in Figure 2b, indicating that a single phase NTP material has been successfully
prepared. By comparison, the XRD pattern of the composite NTP/VGCF@C (Figure 2c)
is found to be very similar to that of the synthesized NTP material, indicating that the
NTP exists as a main phase in the synthesized composite material. The phase structure of
NTP does not change in the subsequent composite processing procedure, showing good
structural stability. Although no characteristic peaks of carbon materials are reflected in
the XRD pattern due to their minor amounts, the existence of VGCF nano-fiber and an
amorphous coating layer can be confirmed by TEM.

The elemental composition and chemical valence state of the NTP/VGCF@C anode
material were analyzed by XPS. It can be clearly seen from the XPS general spectrum in
Figure 3a that the NTP/VGCF@C electrode material contains Na, O, Ti, P, and C elements.
This indicates that the Na, O, Ti, and O elements come from the NTP phase, while the C
element comes from carbon material, and the signals at 134.0 eV, 284.6 eV, 531.8 eV, and
1072.3 eV correspond to the P2p, Cl1s, Ols, and Nals components separately. In the Ti 2p
spectrum shown in Figure 3b, it can be seen that NTP/VGCF@C exhibits two peaks at
459.4 eV and 465.0 eV. These two peaks correspond to the characteristic peaks of Ti 2p3/»
and Ti 2py » of Ti**" in the NTP/VGCF@C anode material [47-49]. It is proved that Ti exists
at the +4 valence in the NTP/VGCF@C anode material, indicating that no phase transition
occurs in the subsequent process of the NTP anode material.
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Figure 3. NTP/VGCF@C (a) total XPS spectrum, and (b) Ti 2p XPS spectrum.

3.2. Microstructure Analysis

Microstructure analysis was carried out on the prepared NTP/VGCF@C composite
material. The SEM morphology, TEM morphology, EDS element distribution, and corre-
sponding selective region electron diffraction (SAED) images of the prepared composite
NTP/VGCF@C composite material are shown in Figure 4a—d.

It can be seen from Figure 4a that the prepared NTP/VGCF@C composite material
shows polygonal particles ranging from 50-350 nm in size. The carbon fiber VGCF is
evenly distributed among the particles, acting as a “bridge” connection between them.
This is helpful for the construction of an effective conductive network. According to
the TEM image (Figure 4b) analysis, the VGCF carbon fiber seems to be bound on the
interface of the composite. The corresponding elemental distribution images are shown in
Figure 4(b-1)—(b-5), and the qualitative test results of Na, Ti, P, O, and C in NTP/VGCF@C
are 5.12, 26.2, 14.95, 39.08, and 14.16wt.%, respectively. The high amount of carbon and its
whole area elemental distribution suggest that the carbon element mainly comes from the
carbon coating on the NTP particles in the NTP/VGCF@C composite material.

High-resolution TEM (HRTEM) image analysis was conducted to obtain more mi-
crostructural information regarding the presence of carbon in the NTP/VGCF@C composite
material. As shown in Figure 4c, there is a layer of amorphous carbon coated on the NTP
particle with the interplanar spacing d(jg4) = 0.437 nm. The carbon layer was measured to
be about 6.5 nm. In addition, the carbon structure of the VGCF carbon fiber (002) plane
(d = 0.341 nm) shows a stack of linear lamellae parallel to the carbon fiber surface. The
diameter size of the carbon fiber is about 4.3 nm. From a higher magnification image
(Figure 4(c-0)), it can be clearly seen that the VGCF lamellae structure is overlapped with
the NTP lattice fringes, indicating a good contact at the interface between the carbon fiber
and the nanoparticles in the NTP/VGCF@C composite material. This type of structure is
helpful for increasing the interfacial strength of the connection between them, as well as
the superiority of electron transport in the NTP/VGCF@C composite material.

The selective area electron diffraction (SAED) was used to obtain structural informa-
tion for the aggregates of the NTP nanoparticles. The SAED pattern from the nanoparticle
aggregates (Figure 4(d-0)) shows many discrete spots forming a series of rings, as shown in
Figure 4d. Three discontinuous diffraction rings are selected and marked with a dotted line
circle. According to the radius data obtained from these three circles, three d-values were
calculated to be d1 = 0.210 nm, d2 = 0.170 nm, and d3 = 0.131 nm and indexed as (119),
(137), and (336) crystal planes of the NTP phase. Overall, the synthesized NTP/VGCF@C
composite material is composed of NTP, VGCF, and amorphous carbon.
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Figure 4. NTP/VGCF@C SEM morphology (a), TEM bright field image (b) and dark field image
(inset, b-0), TEM-EDS scanning elements distribution (b-1-b-5), HRTEM lattice fringe images (c,c-0),
TEM image showing a selected area of nanoparticle aggregates (d-0), and corresponding SAED

pattern (d).
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3.3. Cyclic Voltammetry and Electrochemical Impedance Spectroscopy Analysis

The cyclic voltammetry curves of the NTP/VGCF@C anode composite material are
shown in Figure 5a. The Nyquist plots of the pure NTP and the NTP/VGCF@C anode
composite materials are shown in Figure 5b.
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Figure 5. (a) CV curves of the NTP/VGCF@C anode composite material at the 1st, 2nd, and 3rd cycle;
(b) Nyquist plots of the NTP and NTP/VGCF@C anode composite materials; (c) relationships between

-1/2

Zre and w at low frequency.

From the curves of the first three cycles of cyclic voltammetry shown in Figure 5a,
two broad peaks at 0.92 and 0.28 V can be seen during the initial discharge, but these
are not present in subsequent cycles, when the potential range is 0.01-3.0 V vs. Na/Na*,
and the scanning rate is 0.1 mV/s. These irreversible peaks are attributed to electrolyte
breakdown and SEI film formation, causing the initial capacity loss. In addition, there
are two distinct redox reaction peaks at 2.23/1.85 V and 0.55/0.27 V. 2.23/1.85 V, which
correspond to the reversible oxidation/reduction process of Ti*«+Ti>*, while the redox
peaks at 0.55/0.27 V correspond to the reversible oxidation/reduction process of Ti* <> Ti*.
It should be noted that almost all CV curves overlap each other in subsequent cycles,
indicating a good electrochemical reversibility. It can be determined from the Figure 5b
that the SEI film resistance (Rggr) and electrode/electrolyte interface resistance (R¢t) values
of NTP/VGCF@C are lower than those of the NTP. The electrochemical impedance results
show that the addition of carbon fiber VGCF and amorphous carbon has a great effect on
the structure of the entire electrode material, providing a better electrode dynamic process.
The ionic mobility of the NTP/VGCF@C was significantly improved because the VGCF
formed a conductive network in the anode composite material, and the VGCEF, acting as a
“bridge”, was attached by the amorphous carbon material between the active materials.
The electrochemical properties of the materials can be improved. Moreover, the Warburg
coefficient (Zy.) values of the NTP and NTP/VGCF@C are 31.92 -S~1/2 and 11.79 Q-5 1/2,
respectively (as shows in Figure 5b) [50]. This indicates that the presence of the VGCF and
the amorphous carbon coating layer has a significant influence on the electron transport in
the composite material; the conductivity of the NTP/VGCF@C electrode was significantly
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improved. Therefore, the long cycle and rate performance of the NTP/VGCF@C anode
composite material could be further improved.

3.4. Cycling Performance

The effects of pure NTP and its composite material on the cyclic stability and rate
properties are shown in Figure 6a,b. The NTP/VGCF@C composite material is assembled

as an anode, with LMO as a cathode, to
ous sodium-ion soft pack battery system.
in Figure 6c.
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Figure 6. (a) Cycle performance of NTP and NTP/VGCF@C; (b) discharge/charge voltage profiles
of NTP/VGCF@C in the 1st and 850th cycle; (c) rate performance of NTP and NTP/VGCF@C;
(d) discharge/charge voltage profiles of an LMO-NTP/VGCF@C aqueous sodium-ion soft pack
full battery in the 1st and 480th cycle; (e) cycle performance of an LMO-NTP/VGCF@C aqueous
sodium-ion soft pack full battery.

The initial specific capacity of the pure NTP and NTP/VGCF@C composite material
is 120.6 mAh/g and 118.4 mAh/g at a current density is 200 mA /g, respectively. After
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200 cycles of charge and discharge, the reversible discharge capacity retention rates of NTP
and NTP/VGCF@C are 91.6% and 99.2%, respectively. Obviously, the addition of carbon
material increases the capacity retention by 7.6%. After 850 cycles of charge-discharge, the
discharge capacity retention rate of the NTP/VGCF@C anode composite material is 96.3%
(3.565 mAh/3.702 mAh), showing a better cycle stability (see Figure 6a,b). The rate capacity
of these two materials at different current densities of 200 mA /g, 1A/g and 1.5A/g is
shown in Figure 6c. When charging and discharging at a small rate to a large rate, and
then returning to a small rate, the capacity of the composite material can be restored to the
discharge capacity of 200 mA /g (117.4 mAh/g). However, pure NTP reverts to a small
rate charge and discharge, and its capacity is only 84% of the initial capacity, showing
a very poor rate performance. This suggests that the combination of carbon fiber and
carbon coating not only maintains a robust structure for the composite material, but also
acts as a conductive connection “bridge” between the NTP particles to ensure electronic
transport between them. As for the full battery performance, the initial capacity of the
LMO-NTP/VGCF@C aqueous sodium-ion soft pack full battery is 31.07 mAh at a rate
of 0.5C, as shown in Figure 6d,e. After 480 cycles of charge and discharge, its reversible
discharge capacity is 29.77 mAh, the discharge capacity retention rate is 95.8%, and its
charging and discharging efficiency has been maintained at nearly 100%. Therefore, the
LMO-NTP/VGCF@C aqueous sodium-ion battery system shows a long-term cycle stability
performance, demonstrating a promising technique for green large-scale energy storage.

4. Conclusions

The composite anode material NaTi, (PO4)3/VGCF@C is prepared in two steps: pure
NTP synthesis, followed by the addition of VGCF and carbon coating. The microstruc-
ture and electrochemical properties of the composite material have been analyzed. The
conclusions are as follows:

(1) The synthesized anode composite material is composed of NTP nanoparticles, VGCE,
and an amorphous carbon coating layer. The VGCF nanofiber has a good interfacial
contact with the NTP particles in the NTP/VGCF@C composite. The combination of
VGCEF with carbon coating makes the composite material more robust and conductive
than pure NTP material.

(2)  After 200 cycles of charge-discharge, the reversible capacity retention rates of NTP
and NTP/VGCF@C are 91.6% and 99.2% at a current of 200 mA /g, respectively;
the addition of carbon material increases the capacity retention by 7.6%, and after
850 cycles of charge-discharge, the capacity retention rate of NTP/VGCF@C is 96.3%,
which is much better than that of pure NTP.

(3) The initial capacity of an LMO-NTP/VGCF@C aqueous sodium-ion full battery is
31.07 mAh at a rate of 0.5C. The reversible discharge capacity is 29.77 mAh after
480 cycles, and the discharge capacity retention rate is 95.8%. According to the results
of this study, the LMO-NTP/VGCF@C aqueous sodium-ion full battery can be applied
for large-scale green and safe energy storage.
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Abstract: State of charge (SOC) estimation is an important part of a battery management system
(BMS). As for small portable devices powered by lithium-ion batteries, no current sensor will be con-
figured in BMS, which presents a challenge to traditional current-based SOC estimation algorithms. In
this work, an electrochemical model is developed for lithium batteries, and three methods, including
the incremental seeking method, dichotomous method, and extended Kalman filter algorithm (EKF),
are separately developed to establish the framework of current and SOC estimation simultaneously.
The results show that the EKF algorithm performs better than the other two methods in terms of
estimation accuracy and convergence speed. In addition, the estimation error of the EKF algorithm is
within +2%, which demonstrates its feasibility.

Keywords: Li-ion; SOC; current sensorless; extended Kalman filtering

1. Introduction

In recent years, the sustainable development of the environmental ecosystem has
become a pressing issue due to the increasingly prevalent problems of environmental
pollution. In this case, it is essential to focus on the efficient use of energy and resources.
Lithium-ion batteries are a popular choice as energy storage components for small electron-
ics and large electric vehicles due to their high energy density, long cycle life, no memory
effect, and low self-discharge [1]. However, overcharging or over-discharging a lithium
battery can lead to capacity degradation, shortened battery life, and even explosion.

In order to guarantee the safe and secure use of lithium-ion batteries and to extend their
cycle life, a battery management system (BMS) is critical, which can effectively manage the
performance of lithium-ion batteries in a comprehensive, efficient, and refined manner [2].
It is necessary to ensure optimal battery performance and longevity in various applications.

The reliability of the BMS depends on the precision of the state of charge (SOC)
estimation of lithium-ion batteries. SOC indicates the remaining capacity and provides
an indication of whether the battery needs to be charged or discharged. The variation
characteristics of SOC are a critical performance indicator for assessing the status of lithium-
ion batteries. Therefore, accurate SOC estimation is a core function of BMS [3], and it is
a prerequisite to achieve additional functions such as safety control, battery equalization,
and troubleshooting.

However, SOC is an internal state of the battery and cannot be directly measured. It
can only be estimated based on the relationship between voltage, current, temperature,
and the aging of the battery [4]. Therefore, it is crucial to develop reliable SOC estimation
algorithms that consider all relevant factors to ensure optimal performance and safety of
lithium-ion batteries in various applications.

In automobiles, robots, and energy storage systems, current measurement is usually
achieved using shunt resistors or Hall-effect current sensors. While shunt resistors have
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inherent power losses and require isolation circuitry, Hall-effect sensors are typically
expensive. In low-cost portable applications, such as microphones and hearing aids, the
current sensor is often not equipped, considering the size and cost of the device. Therefore,
it is practical to design a current sensorless SOC estimation method for low-cost portable
applications.

Common SOC estimation algorithms include the open-circuit voltage method, ampere-
hour integral method, electrochemical impedance spectroscopy, adaptive filtering method,
and data-driven neural network method [5]. The open circuit voltage method takes a long
time to collect data and is difficult to apply in practice [6], while the ampere-hour integral
method is affected by the initial charge state and current stability. The electrochemical
impedance spectroscopy method is only used for laboratory research [7]. In addition,
the adaptive filtering method has a complex algorithm and long calculation cycle, which
includes nonlinear Kalman filter, particle filter, specifically including extended Kalman
filter, traceless Kalman filter, and other methods [8-12]. In neural network methods [13-15]
and support vector machine methods [16-19], the SOC estimation of a battery is viewed as
a regression problem, using multiple inputs (e.g., voltage, current, and environmental vari-
ables) to predict the SOC. These methods usually require a large quantity of experimental
data to train the neural network and use various optimization techniques to improve preci-
sion and robustness. Ignoring the internal mechanism of the battery, the model accuracy
depends on the quality of the sample data. In addition, in the field of fast charging, Xuejiao
Xu et al. [20] created their own three-electrode system so as to measure the anode/cathode
potential and estimate the SOC.

A battery model, which includes equivalent circuit models (ECM) [21] and electro-
chemical models, provides high simulation accuracy and reflects the external characteristics
of the battery. The electrochemical model parameters have physical meanings and act as a
bridge between the external characteristics of the battery and the internal electrochemical
reaction mechanism of the battery [22-24]. In order to achieve accurate SOC estimation,
the BMS requires current measurements as input to the estimator.

For the current sensorless SOC estimation method, Cambron and Cramer [25] es-
timated the current by an unknown input observer, and Putra et al. [26] created a new
method to accomplish current estimation on the basis of Thevenin ECM. Chun et al. [27]
obtained the open circuit voltage (OCV) and current information from the terminal volt-
ages and then calculated the SOC using the ampere-hour integral method. However, these
methods either used a linear relationship between OCV and SOC or utilized an overly
simple battery model that led to a decrease in the accuracy of the model.

To avoid the above problems, Jing Hou et al. [28] used the variational Bayesian
extended Kalman filter method to achieve simultaneous estimation of SOC and current.
Experimental results showed that the mean absolute errors (MAEs) and the root mean
square errors (RMSEs) of the SOC estimations of the proposed variational Bayes-based
unscented Kalman filter (VB-UKF) were less than £3%.

In this work, three methods are proposed to estimate SOC in the absence of current
sensors based on the electrochemical model of lithium-ion batteries, which include the
incremental seeking method, the dichotomous method, and the improved extended Kalman
filter algorithm. The remainder of this work is organized as follows: (1) In Section 2, the
electrochemical model of lithium-ion batteries is established to mathematically express
the mechanisms in the charging and discharging process, and the relationship function
between voltage and SOC is obtained. The principles of the three methods are described;
(2) In Section 3, the data test of LCO lithium-ion batteries is conducted to obtain the voltage
and current data under different working conditions; (3) In Section 4, the estimation of SOC
under no current monitoring by three methods is completed compared with the reference
value. In addition, the effects of inaccurate initial values of SOC and different levels of
voltage noise on the accuracy of the estimation results are also explored.
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2. Lithium-Ion Battery Model and Algorithm Principle
2.1. Simplified Electrochemical Model

The structure of a lithium-ion battery is divided into three areas: the positive electrode,
the negative electrode, and the diaphragm. The cathode material typically uses lithium
ferrous phosphate (LFP), lithium cobalt oxide (LCO), lithium-nickel-cobalt-manganese
oxide (LNCM), etc., while the anode material is usually graphite, and the electrolyte is
mostly LiPF6 alkyl carbonate with polymer materials. During the process of charging
and discharging, lithium ions are de-embedded and transferred between the positive and
negative electrodes [29].

The classical electrochemical model of lithium-ion batteries is based on ten control
equations in the form of partial differential equations. These equations describe the solid-
phase diffusion within the particles, liquid-phase diffusion in the electrolyte, solid-phase
potential equilibrium, and liquid-phase potential equilibrium in the positive, diaphragm,
and negative regions. The model structure is shown in Figure 1.

Fm——————

Uapp (t) = Up (ysuv;f) 7:Un (‘Isur‘f) ii MNeon (t) — Nact (t) — Nohm (t) i

Terminal R !
voltage i

Open-circuit voltage

Figure 1. Lithium battery electrochemical model structure.

In this work, the internal processes of the cell were described using algebraic equations.
These equations encompassed various aspects of the cell’s functioning, such as the basic
working process, solid-phase diffusion process, concentration polarization effect, reaction
polarization effect, ohmic polarization effect, and the calculation of the terminal voltage [30].
The equations involved in the model are presented in Table 1. The meanings of the
parameters involved in the above model are shown in Table 2.

2.2. Identification of Model Parameters

The intrinsic characteristics of the battery parameters remain constant and can be
obtained by consulting the manufacturer or references. However, the variables to be
identified in the electrochemical model include the initial lithium intercalation in the
cathode, cathode capacity, offset of the lithium intercalation, and more [31]. The parameters
involved can be obtained by analyzing the intrinsic connection between the cell terminal
voltage change, the open-circuit voltage, and each part of the overpotential under the
designed identification conditions with different forms of current excitation.

The parameter identification method referred to an excitation response analysis devel-
oped in [30]. Based on the simplified electrochemical model, using the input data of current
and the corresponding response data of voltage, the relationship between the internal
mechanisms and external behaviors was established quantitatively, and the parameters in
the model were fitted during this process.

The parameters obtained by identification are shown in Table 3.
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Table 2. Meaning of related parameters.

Parameters Physical Meaning
Uapp Terminal voltage (V)
oco Electromotive force (V)
Hcon Concentration polarization overpotential (V)

Hact Reaction polarization overpotential (V)
Ohmic polarization overpotential (V)

Tohm
Solid-phase average stoichiometric number of positive and negative
Yavg, Xavg electrodes (-)
Solid-phase surface stoichiometric number of positive and negative
Ysurfs Xsurf electrodes (-)
Ay Deviations between y,r and yaog (-)
Ax Deviations between Xsuurf and Xgyg (-)
Ayq Intermediate variable of Ay (-)
Axq Intermediate variable of Ax (-)
T Battery internal temperature (K)
R Ideal gas constant (J mol 1 K—1)
Initial lithium intercalation concentration fraction of positive and
Yo, %o negative electrodes (-)
o Initial lithium ion concentration in electrolyte (mol m~3)
Qp, Qn Total capacity of positive and negative electrodes (A s)
Quu Total capacity of the battery (A s)
Tp, Tn Solid diffusion time constants of positive and negative electrodes (s)
Dy, Dy Lithium embedding rate of positive and negative electrodes (-)
Pt Reaction polarization coefficient (nfl'5 mol®> S)
Peon Proportional coefficient of liquid phase diffusion (mol m3 Afl)
Ronm Ohm internal resistance ()
Yofs Embedded lithium offset (-)
T, Liquid phase diffusion time constant (s)

Table 3. Battery parameters.

Parameters Value
Yo, X0 0.7941, 0.4538
o 1000
Qp, Qn 19,859.04, 11,888.64
Tp, Tn 184.7533, 2.5501
Dy, Dy 0.7922, 0.4743
Pact 271,780
Peon 955.1863
Ronm 0.0686
Yofs 0.0708
Te 62.2686

2.3. Principle of SOC Estimation Algorithm under No Current Monitoring

The three SOC estimation algorithms utilized in this study were based on the simpli-
fied electrochemical model. However, the model function inputs did not take into account
the temperature of the battery. The inputs solely consisted of the SOC and current, while
the output was limited to the cell terminal voltage.

2.3.1. Incremental Seeking Method

This solution was based on the idea of enumeration to achieve current estimation
and SOC prediction. The approach involves gradually increasing the current within fixed
boundary conditions and then inputting the current into the model to calculate the voltage
to identify the current values that meet the necessary requirements. Once the appropriate
current value is determined, the SOC can be estimated using the ampere-hour integral
method. The corresponding flowchart illustrating this method is depicted in Figure 2.
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Figure 2. Flow chart of incremental seeking method.

The specific scheme was as follows: Firstly, the measured voltage was compared with
the previous second’s voltage to determine whether the battery was being charged or
discharged. Then, the current sign was initialized, and upper and lower search boundaries
were set. An initial current value of 0 was assumed. A voltage simulation was carried
out using the assumed current, and the simulated voltage was compared to the measured
voltage. If the error between the measured voltage and simulated voltage exceeded an
acceptable range, the current value was increased based on the error until the error was
within an acceptable range. The current corresponding to the simulated voltage was
considered the current, and the SOC was predicted using the ampere-hour integration
method.

2.3.2. Dichotomous Method

As shown in Figure 3, this scheme used the dichotomy method for current estimation
and SOC prediction. The basic principle of the dichotomy method involved continuously
dividing the search range into two parts within fixed boundary conditions to find the
number that meets certain requirements.
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Figure 3. Dichotomous search flow chart.

The specific scheme is as follows: firstly, the measured voltage was compared with that
of the previous second to determine the charging and discharging state at this time. Then,
the current was initialized, and the upper and lower search boundaries were assumed. The
voltage simulation was carried out based on the assumed current, and the corresponding
simulation voltage was compared with the measured voltage. If the error is greater than
the acceptable range, the current value is adjusted according to the error until the error
between the measured voltage and the simulated voltage is in the acceptable range. At this
point, the current corresponding to the simulated voltage was considered as the current at
that moment. Finally, the SOC prediction was carried out by the ampere-hour integration
method.

2.3.3. Extended Kalman Filter

The solution utilized a modified extended Kalman filter to achieve SOC estimation.
Based on the simplified electrochemical model, the load current was taken as the unknown
input, and the system state equation and the measurement equation were established. In
addition, the current estimation was achieved using the modified extended Kalman filter
method. Finally, the SOC estimation was completed by the ampere-hour integral method.
The flow chart is shown in Figure 4.
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Figure 4. Extended Kalman filter estimation flow chart.

To implement this solution, an update of state variables and observation updates
was required, which meant that the priori SOC estimation, succession of current values,
and covariance matrix calculations were carried out. The gain matrix was then calculated,
and the currents were corrected according to voltage errors. Finally, the accurate SOC
estimation for a single cell was obtained by the ampere-hour integration method.

3. Battery Testing Process and Results

Different lithium cobaltate battery monoblocks from the same batch with a standard
capacity of 800 mAh were selected. Charging and discharging tests were performed using
Neware’s battery test system to simulate the battery operating conditions at different
charge and discharge multipliers. The data sampling frequency was 1 s. The specific
current configurations were as follows:

The specific current configuration for the DST operating conditions test is described
as follows:

(1) The lithium-ion battery was fully charged by constant current and constant voltage
charging.

(2) The battery was rested in a constant temperature chamber for 1 h.

(3) The battery was discharged at a constant discharge rate of 0.25 C for 30 s, discharged
at 0.5 C for 12 s, and charged at 0.25 C for 10 s.

(4) Step (3) was repeated three times.

(5) The battery was charged successively at a constant charge rate of 0.25 C for 35s,2 C
for 10 s, and 1.25 C for 25 s.

(6) The battery was charged at a constant charge rate of 0.5 C for 10 s, discharged at 0.5 C
for 30 s, and charged at 1 C for 10 s.

(7) The battery was rested for 50 s.
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(8) Steps (3)-(7) were repeated until the voltage decreased to 3.7 V. Then, the battery was
discharged at a constant discharge rate of 0.5 C until the voltage was 2.5 V to stop the
experiment.

The HPPC condition test with the specific current configuration was conducted as
follows:

(1) The lithium-ion battery was fully charged by constant current and constant voltage
charging.

(2) The battery was rested in a constant temperature chamber for 1 h.

(3) The battery was discharged at 1 C for 8 min and was rested for 30 min.

(4) The battery was discharged at 3 C for 10 s and rested for 3 min.

(5) The battery was charged at 1.5 C for 10 s and rested for 2 min.

(6) Steps (3)—(5) were repeated once.

(7)  The current in (4) and (5) was modified to 1.875 C. Steps (3)—(5) were repeated until
the resting voltage dropped to 3.6 V.

(8) The battery was discharged at 0.9 C until the voltage was 2.5 V to stop the experiment.

4. Results and Discussion

It is worth noting that all three methods of SOC estimation without current monitor-
ing include the ampere-hour integration method, and the estimation accuracy is greatly
influenced by the initial SOC accuracy and noise. The effects of different initial SOCs and
random voltage noise on the algorithm estimation results were shown and discussed as
follows, respectively.

4.1. Effect of Different Initial SOC on Estimation Results

The initial SOC of the test data was set as 100%, 70%, and 90%, respectively. The
estimated results were as follows.

4.1.1. Incremental Seeking Method

The estimation results using the incremental seeking method for different initial SOC
states are shown in Figures 5 and 6.
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Figure 5. Estimation results of incremental seeking method under DST conditions and different
initial SOC.
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Figure 6. Estimation results of incremental seeking method under HPPC conditions and different
initial SOC.

The estimated trend obtained by the incremental seeking method was consistent with
the actual reference value, and the estimated results varied with the battery charge and
discharge state. For example, under DST conditions, SOC decreased along a wave line until
12,500 s and then decreased along a straight line. Under HPPC conditions, SOC decreased
along a step.

However, the difference between the estimation results with initial SOC values of
100%, 90%, and 70% was significant under the HPPC condition. The error was largest
when the initial SOC was accurate, illustrating the instability of the algorithm. When the
initial SOC state was inaccurate, the incremental seeking method converged when the SOC
dropped to nearly 80%, and the convergence process was often accompanied by a large
abrupt change. After convergence was completed, the initial SOC value had a large impact
on the estimation results.

4.1.2. Dichotomous Method

The estimation results using the dichotomous method for different initial SOC states
are shown in Figures 7 and 8.
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Figure 7. Estimation results of dichotomous method under DST conditions and different initial SOC.
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Figure 8. Estimation results of dichotomous method under HPPC conditions and different initial SOC.

When applying the dichotomy method, the overall estimation trend was consistent
with the actual reference value, and the algorithmic estimation results captured the same
change phenomenon as the charging and discharging state of the battery varied.

From the overall viewpoint, the dichotomous SOC estimation error was large, espe-
cially under HPPC conditions, and significant estimation bias could be seen in Figure 8.
When the initial SOC state was inaccurate, if the initial SOC was 90%, it completed conver-
gence when the SOC decreased to around 85%. In addition, if the initial SOC was 70%, it
completed convergence when the SOC decreased to around 75%. The convergence process
had a great degree of abrupt change, but it was less than the incremental seeking method.
Inaccurate initial SOC had a small impact on the estimation results after the convergence of
the algorithm.

4.1.3. EKF

The estimation results using the EKF algorithm for different initial SOC states are
shown in Figures 9 and 10.
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Figure 9. Estimation results of EKF algorithm for DST conditions and different initial SOC.

24



Batteries 2023, 9, 442

1 T T T T

SOC-reference
SOC-initial- 100% |
SOC-initial-90%
SOC-initial-70% |

0.9 1l

0.8

0.7 1

0.0 1

SOC

0.5 1

04 1

03F 1

021 1

0.1 1
2000 4000 6000

0 1 1 I 1 1
0 0.5 1 1.5 2 25 3

time(s) w«10%

Figure 10. Estimation results of EKF algorithm for HPPC conditions and different initial SOC.

The overall estimation trend obtained using the EKF algorithm was consistent with
the actual reference value, and the algorithm estimation results reflected the same variation
phenomenon as the battery charge and discharge state change.

As a whole, the SOC estimation error of the EKF algorithm was small, and the average
errors for the two operating conditions when the initial SOC was accurate were 1.94% and
1.13%, respectively. When the initial SOC was inaccurate, the algorithm converged quickly
except for the DST condition where the initial SOC is 70%. Convergence was achieved
when the SOC decreased to about 85~90%. The convergence process was smooth, and
the convergence estimates were largely consistent with the reference values and almost
independent of the initial SOC.

The estimation errors of the three methods for different initial SOC states are shown
in Table 4.

Table 4. Estimation error at different initial SOC states.

Accurate Initial SOC Initial SOC 0.9

Initial SOC 0.7

Incremental seeking method soc Voltage soc Voltage soc Voltage
Average value 3.58% 0.042V 3.60% 0.035V 5.08% 0.043V

DST Maximum value 12.76% 0.300 V 11.42% 0.450 V 30% 0.659 V
Average value 7.62% 0.025V 7.80% 0.028 V 9.10% 0.035V

HPPC Maximum value 15.13% 0373V 15.20% 0372V 30% 0.669 V
Dichotomous method soc Voltage soc Voltage soc Voltage
Average value 1.87% 0.014V 2.58% 0.016 V 4.17% 0.084V

DST Maximum value 5.02% 0.416 V 10.00% 0.416 V 30% 0.495 V
HPPC Average value 4.51% 0.028 V 4.43% 0.030 V 6.37% 0.044V
Maximum value 8.82% 0.352V 10.00% 0.296 V 30% 0.288 V

EKF soc Voltage soc Voltage soc Voltage

DST Average value 1.94% 0.034V 2.36% 0.035V 3.82% 0.036 V
Maximum value 5.27% 0.414V 10.21% 0.414V 30.15% 0.414V

HPPC Average value 1.13% 0.0098 V 1.41% 0.010V 2.33% 0.011V
Maximum value 3.69% 0.3872'V 10.20% 0.387V 30.14% 0.387 V

In terms of overall SOC estimation performance, the EKF algorithm performed the
best and met the actual demand. The dichotomy method was the second-best and could
accurately estimate SOC when the initial state was reliable. However, the incremental
seeking method had the worst performance, with the highest error, failing to meet the
actual demand and requiring further improvement.
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Regarding the impact of different initial SOC states on algorithm estimation, the EKF
algorithm was highly resistant to interference and almost unaffected. The dichotomy
method was less affected, while the incremental seeking method was the most unsta-
ble. Inaccurate initial states had a significant impact on the results of the incremental
seeking method.

Concerning the convergence of algorithms under different initial SOC states, the EKF
converged fast and seamlessly, while the dichotomy method converged slightly slower
than the EKF. In contrast, the incremental seeking method had the slowest convergence
rate, with a sudden change in the convergence process caused by the algorithm’s principle.

If the initial SOC error was too large, there was a significant increase in the error for
all three methods. This indicates that the error correction capability of the three methods
is limited due to the lack of current input. However, it is worth noting that the initial
SOC error is usually not so large in portable devices. Furthermore, the SOC error can be
calibrated gradually during the rest mode.

Jing Hou et al. [24] conducted pulse discharge experiments to validate their proposed
VB-UKF method. The average absolute errors of the two methods, VB-UKF and the
unscented recursive three-step filter (URTSF), were 1.52% and 2.65% when the initial SOC
was accurate. When the initial SOC was 80%, the errors of the two methods were 1.67%
and 2.28%, respectively. When the initial SOC was 60%, the errors of the two methods were
2.16% and 2.58%, respectively. It can be seen that the estimation effect of the EKF algorithm
is perfectly acceptable.

4.2. Effect of Different Voltage Noise on Algorithm Estimation Results

The test data was free of voltage noise, and random Gaussian noise with the mean
of 0 and 30 of 10 mV, 50 mV, and 100 mV was superimposed, respectively. The estimated
results are shown below.

4.2.1. Incremental Seeking Method

The SOC estimation results under different voltage noise using the incremental seeking
method are shown in Figures 11 and 12.
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Figure 11. Estimation results of incremental seeking method under DST conditions and different
voltage noise.
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When applying the incremental seeking method under voltage noise, the estimation
trend was consistent with the actual reference value, and the estimation results reflected
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the same changes as the battery charging and discharging states.

However, the presence of voltage noise caused more irregular fluctuations in the
algorithm’s estimation accuracy, resulting in large errors. This suggests that the incremental

seeking method is susceptible to noise.

4.2.2. Dichotomous Method

The SOC estimation results using the dichotomous method with different voltage

noises are shown in Figures 13 and 14.
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Figure 13. Estimation results of dichotomous method under DST conditions and different voltage noise.
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Figure 14. Estimation results of dichotomous method under HPPC conditions and different voltage
noise.

When using the dichotomous method under voltage noise, the estimation trend was
consistent with the actual reference value, and the estimation result reflected the same
changes as the battery charging and discharging states.

The mean error of SOC estimation is small when using the dichotomous method.
However, appropriate voltage noise could improve the estimation accuracy of the algorithm,
while excessive noise led to significant deviations in the results under the DST condition.
This shows the poor stability of the dichotomous method.

4.2.3. EKF

The SOC estimation results using the EKF algorithm with different voltage noise are
shown in Figures 15 and 16.
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Figure 15. Estimation results of the EKF algorithm for DST conditions and different voltage noise.

28



Batteries 2023, 9, 442

1 T T T

SOC-reference
0.9 - SOC-noise-10
SOC-noise-50
0.8 F SOC-noise-100 |
0.7 i
0.0 b
]
C 05 1
72}
0.4 g3 \e_'\ )
0.3 [0.25 < T
0.2 0.2 1
0.1p15 \1 b
1.8 2 22
Q | | 104 1 L L
0 0.5 1 1.5 2 2.5 3
time(s) x10*

Figure 16. Estimation results of the EKF algorithm for HPPC conditions and different voltage noise.

When using the EKF method under voltage noise, the estimation trend remained
consistent with the actual reference value, and the estimation results could keep the same
change when the charge and discharge state of the battery changed.

Overall, the EKF algorithm demonstrated a high estimation accuracy even under
voltage noise, and the SOC estimation results were consistently reliable despite the presence
of different levels of voltage noise.

The estimation errors of the three methods under different voltage noise are shown in
Table 5.

Table 5. Estimation error under different voltage noise.

No Noise 10 mV Noise 50 mV Noise 100 mV Noise
Incremental seeking method soc Voltage soc Voltage soc Voltage soc Voltage
Average value 3.58% 0.042V 5.92% 0.044V 5.81% 0.051V 5.01% 0.060 V
DST Maximum value 12.76% 0.300 V 11.99% 0422V 11.31% 0.342V 11.14% 0418V
Average value 7.62% 0.025V 6.63% 0.026 V 6.63% 0.033 V 7.27% 0.056 V
HPPC Maximumvalue  1513% 0373V 1478% 0411V 1486% 0374V 1558%  0.406V
Dichotomous method soc Voltage soc Voltage soc Voltage soc Voltage
Average value 1.87% 0.014 vV 3.66% 0.077 V 1.83% 0.074 V 1.56% 0.082' V
DST Maximumvalue  502% 0416V 7.34% 1020V 509% 0685V  7.19% 0732V
Average value 4.51% 0.028 V 1.38% 0.024 V 1.54% 0.040 V 1.58% 0.057 V
HPPC Maximumvalue — 882% 0352V 574% 0937V 7.18% 0520V 696% 0539V
EKF soc Voltage soc Voltage soc Voltage soc Voltage
Average value 1.94% 0.034 V 1.94% 0.034V 1.96% 0.037 V 1.90% 0.045V
DST Maximum value 5.27% 0414V 5.30% 0420V 5.42% 0.448 V 4.98% 0415V
HPPC Average value 1.13% 0.0098 V 1.13% 0.011V 1.11% 0.020 V 1.11% 0.032V
Maximum value 3.69% 0.3872'V 3.67% 0.384 V 3.69% 0.375V 3.76% 0.359 V

From the experimental results, we can see that the error of the EKF algorithm under
different noises was within 2%, which would meet the practical requirements. The dichoto-
mous method was the second-best and had a certain ability to fight against noise. However,
the incremental seeking method exhibited the poorest performance, with the highest error,
failing to meet practical requirements and requiring further improvements.

With regard to the impact of voltage noise on the algorithm’s estimation performance,
the EKF algorithm effectively filtered out the noise and was almost unaffected. In contrast,
both the incremental seeking and dichotomous methods were more susceptible to voltage
noise, resulting in lower stability and accuracy.
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4.3. Algorithm Computational Efficiency

Because the process of completing the overall battery SOC estimation was long, the
computational efficiency of the three algorithms was considered by comparing the time
required to perform a single SOC estimation among them.

The algorithms were run in the following environment: under PC conditions using
processor: Intel (R) Core (TM) i5-10200H CPU @ 2.40 GHz, RAM configuration:16.00 GB,
and MATLAB software.

The time consumption of all algorithms is shown in Table 6. The incremental pathfind-
ing method took 0.024 s and 0.025 s to complete a single SOC estimation without a current
sensor under the two operating conditions. The dichotomous method took 0.018 s and
0.02 s. The EKF algorithm took 0.012 s and 0.007 s. The ratio of the calculated efficiencies of
the three methods at DST conditions is about 2:3:4.

Table 6. Algorithm operation schedule.

Algorithm Incremental Seeking Method Dichotomous Method EKF
Work Conditions
Total time 331s 250 s 171s
DST i i i
Average data estimation time 0.024 s 0018 s 0012 s
per frame
Total time 636's 498 s 191.0s
HPPC ; ; ;
Average data estimation time 0.025 s 0.020's 0.007 s

per frame

4.4. Repeatability Verification

In order to avoid the chance of single battery data, more test data of LCO lithium-ion
batteries were used to verify the reliability of the algorithm. The HPPC operation data of
more batches of batteries were used to verify the algorithm. The average error is shown in
Table 7.

Table 7. Estimation error at different initial SOC states in HPPC conditions.

Accurate Initial SOC Initial SOC 0.9 Initial SOC 0.7
Incremental

seeking method soc Voltage soc Voltage soc Voltage
Average value 7.59% 0.026 V 7.74% 0.030 V 9.16% 0.041V
Maximum value 15.72% 0.336 'V 15.21% 0339V 30% 0.697 V

Dichotomous
method soc Voltage soc Voltage soc Voltage
Average value 3.23% 0.026 V 3.41% 0.029 V 5.42% 0.037 V
Maximum value 7.73% 0.336'V 10.00% 0.287V 30% 0276 V
EKF soc Voltage soc Voltage soc Voltage
Average value 3.06% 0.010 V 3.67% 0.010 V 4.73% 0.011V
Maximum value 9.07% 0.308 V 11.22% 0.4003 V 30.16% 0.4003 V

In order to ensure the reliability of the algorithm, the simulation results of constant
current charge-discharge test data of the LFP lithium-ion battery are also presented. When
the initial SOC is accurate, the average error results of the EKF algorithm are shown in
Table 8.
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Table 8. Average error of EKF algorithm for eight batteries.

Battery Number A B C D E F G H
S0OC 1.99% 1.67% 1.08% 1.76% 1.73% 1.52% 1.46% 1.56%
Voltage 0.0185 V 0.0168 V 0.0203 V 0.0189 V 0.0177 V 0.173 V 0.0180 V 0.0180 V

The SOC estimation results of the battery numbered A are shown in Figure 17.
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Figure 17. Estimation results of the EKF algorithm for HPPC conditions.

When using different battery test data, the EKF algorithm can still maintain a good
estimation effect.

5. Conclusions

It is important to obtain current information for accurate SOC estimation of lithium-ion
batteries. However, due to concerns about cost, size, and power consumption, current
sensors are sometimes not equipped in portable devices.

In this work, three methods were developed for lithium battery SOC estimation that
provide new solutions for SOC estimation for small portable devices in the absence of
current monitoring and fill the gap in existing studies. The dichotomous and incremental
seeking methods were found to be sensitive to initial SOC accuracy, and estimation errors
exceeded the allowed range. For instance, using the dichotomous method led to a 6.37% er-
ror at an initial SOC of 70% under HPPC conditions. The incremental seeking method was
also more susceptible to voltage noise than the other two methods, with a 10 mV noise
causing an estimation error of 5.92% in DST conditions.

The dichotomous method and the extended Kalman filter method demonstrated
superior accuracy in the presence of certain measurement noises, with estimation errors
under 100 mV noise controlled within £2%. The extended Kalman filter algorithm was
particularly effective in filtering out the noise, with error variation following noise addition
not exceeding 0.04%. Additionally, the extended Kalman filter method outperformed the
other two methods in terms of estimation speed, with an average time of 0.01 s per frame
of data estimated.

In addition, it is worth noting that the estimation error of SOC will be larger when the
initial SOC error is large due to the absence of current input. However, measures can be
taken to avoid excessive errors. For example, the battery is left for a period of time, and the
battery is calibrated by OCV after it is fully charged. In that case, this weakness does not
affect the usefulness and sophistication of the algorithms used.

Considering the aging process of the battery, the battery model parameters will change,
leading to an increase in SOC estimation error. In order to solve this problem, a possible
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approach is to use an improved extended Kalman filter (IEKF) algorithm [32] or a model
adaptive EKF (MAEKF) [33] algorithm. The general idea is to select the parameters of the
electrical model with high sensitivity. In view of the fact that the battery voltage derivative
changes abruptly twice with time when the discharge current is constant, the parameters
are updated using IEKF or MAEKE. Thus, the excellent accuracy of the model is maintained
during the aging process of the battery.
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Abstract: An industrial submicron-sized Fe,O3 with no special shape was decorated by a multi-layer
coating of oxygen-deficient TiO,_, and conducting polymer PEDOT (poly 3,4-ethylenedioxythiophene).
A facile sol-gel method followed by an EDOT polymerization process was adopted to synthesize the
hierarchical coating composite. The microstructure and phase composition were characterized using
an X-ray diffraction analysis (XRD), scanning electron microscopy (SEM), and transmission electron
microscopy (TEM). In particular, the existence state of PEDOT was determined using Fourier transform
infrared (FI-IR) and a thermogravimetric (TG) analysis. The characterization results indicated the dual
phase was well-coated on the Fe;O3 and its thickness was nano scale. Electrochemical characterization
indicated that the multi-layer coating was helpful for significantly enhancing the cycle stability of the
Fe,03, and its electrochemical performance was even better than that of the single-layer coating samples.
The synergistic effects of the ceramic phase and conducting polymer were demonstrated to be useful
for improving electrochemical properties. The obtained FTP-24 sample exhibited a specific discharge
capacity of 588.9 mAh/g after 360 cycles at a current density of 100 mA /g, which effectively improved
the intrinsic cycling performance of the Fe,Os, with a corresponding discharge capacity of 50 mAh/g
after 30 cycles.

Keywords: Fe;O3; TiO,_-PEDOT; multi-layer coating; anode material; high stability; Li-ion batteries

1. Introduction

Rapid development in the field of energy storage has posed higher demands on new
materials, leading to the development of multiple energy storage devices and materials [1-5],
such as lithium-, sodium-, and potassium-ion batteries [6-9]. Lithium-ion batteries have been
widely applied on power grids, electric vehicles, and portable devices in recent years, which
is due to their high energy density, cycle stability, and environmentally friendly features
compared to some traditional energy storage devices [10-13]. To meet the demand of the high
energy storage of Li-ion batteries, a large number of anode materials, such as silicon [14,15]
and transition metal oxides [16-18] etc., have been developed to substitute graphite. Iron oxide
(Fe;0O3) has been demonstrated to be one of the most promising candidates due to its low
cost, considerable specific capacity (~1000 mAh/g), and environmental friendliness [19-22].
However, the anode faces the problem of rapid capacity decay and a low Coulombic efficiency,
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which is due to its large volume expansion during cycling, particle agglomeration, and the
inherently low electrical conductivity of the metal oxide.

Coating is the most direct and effective strategy for overcoming these problems [23-26].
Buffered and high-ionic/electronic-conductivity materials can be introduced on the surfaces
of Fe,O3 particles to prolong their cycling life, inhibit particle agglomeration, and ensure fast
Li-ion diffusion [27-30]. Carbon, metal oxides, and conductive polymers, as the most frequent
coating materials, have been introduced to Fe;O3-based composites. All coating materials
should be modified for better application as anode materials, for example, Fe;O3 nanoparticles
anchored on N-doped carbon remained at 496 mAh g~ after 1000 cycles at 500 mA g~!, which
effectively suppressed the electrode pulverization [31]. Multi-layer, yolk-shell structured
Fe,Os@carbon was designed to prolong the cycle life, which possessed a high charge capacity
of 800.6 mAh g~ after 300 cycles at 4 A g~!. Meanwhile, the phase and structural evolution
was uncovered by in situ TEM measurements, and the improved structural properties of
multiple layers contributed to the enhancement of battery performance [32]. Oxides are more
likely to be used as coating materials due to their better Li-ion conductivity. TiO, has attracted
much attention among various oxide candidates due to it having a higher ionic conductivity
than amorphous carbon and an excellent electrochemical stability. The Fe, O3@TiO, core-shell
structure has been demonstrated to be beneficial to electrochemical performance. Zeng et al.
reported core-shell nanospheres with a high reversible specific capacity of 497.3 mAh g~ ! up
to 100 cycles [33]. We introduced oxygen defects into a TiO; coating layer to further improve its
conductivity, and obtained TiO,-coated x-Fe,O3 composites with a high cycling performance
in our previous work [34]. Some flexible materials were adopted to be added into the
Fe;O3-TiO, composites to inhibit the pulverization issue in the charge/discharge process. Fu
etal. chose CNTs as the core supporting material, and coated with Fe;O3-TiO,. The composites
remained at a specific capacity of 770 mAh g~! after 200 cycles under a current density of
200 mA g~! [35]. Conductive polymers, such as polypyrrole (PPY) [36,37], polyaniline
(PANI), and poly 3 4-ethylenedioxythiophene (PEDOT) [38,39] etc., were applied in energy
storage devices for a long time for their long cycling performance. Jeong et al. [40] designed
a hierarchical hollow spheres structure with PANI as a coating layer, and the composites
exhibited an excellent rate performance and cycling stability during 100 cycles, remaining at
732 mAh g~1. The electrical conductivity of the entire electrodes was increased significantly
by the introduction of conductive polymers.

PEDOT possesses a better stability of ion-doped states compared to other conductive
polymers [41]. It has been demonstrated that the incorporation of PEDOT can enhance the
electrochemical performance of Fe;O3 [42]. Based on our previous work of oxygen-deficient
TiO;-coated Fe; O3 composites, we adopted a PEDOT coating on the composites to further
improve their electrical conductivity. The hierarchical structure was helpful for improving
the a-Fe,O3 anode cycling stability.

2. Materials and Methods
2.1. Synthesis of Fe;O3/TiO_x/PEDOT Composites

The composites were synthesized via a simple polymerization method for Fe,O3/TiO,_«
composites reported in our previous study [34]. A certain amount of precursor particles,
Fe,O3/TiO, with oxygen defects, were stirred and suspended in deionized water. The
thickness of the PEDOT coated on the particles was regulated by the polymerization time.
The EDOT monomer at 100 uL. was dropped in the suspension liquid and then 0.1 g of
camphorsulfonic acid (HCSA) was introduced into the mixture as a dopant. The stirring times
were set as 8 h, 24 h, 40 h, and 56 h after 0.5 g of ammonium persulfate was added into the
liquid. The final products were obtained with the washing and drying process, labeled as
FTP-8, FTP-24, FTP-40, and FTP-56. The full synthesis process is briefly illustrated in Figure 1.
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Figure 1. Schematic illustration of the preparation process of FepO3 /TiO,_ /PEDOT anode materials.

2.2. Characterization

The compounds’ surface morphologies and distributions of elements were examined
using a combination of FESEM (Field Emission Scanning Electron Microscopy; NANO
SEM 430) and EDS (Energy Dispersive X-ray Spectroscopy). The composites” coating layers
and lattice structures were characterized using TEM (Transmission Electron Microscopy;
JEM-2100, JOEL). The powder’s structural information was detected using an XRD (X-ray
Diffraction) analyzer (Bruke DS8), utilizing Cu-Ko radiation (A = 1.5406 A) within the 20
range of 10—80°. The compounds’ compositions and oxidation states were determined
through XPS (X-ray Photoelectron Spectroscopy, Thermo K-Alpha+, Al Kx 1486.6 eV). The
characteristic peaks of PEDOT were identified using FT-IR (Fourier Transform Infrared
Spectrum) performed on a Nicolet 6700 spectrophotometer. The content of PEDOT in
the mixture was quantified via a TG (Thermogravimetric) analysis conducted under air,
ranging from room temperature to 900 °C, employing a DTG-60H model from Shimadzu,
Kyoto, Japan.

2.3. Electrochemical Measurement

The working electrodes consisted of 80 wt% active materials, 10 wt% acetylene black,
and 10 wt% CMC + citric acid mixture in deionized water, ensuring a homogeneous slurry.
This slurry was then evenly applied onto a copper foil and dried in a vacuum oven at
60 °C for 24 h. Afterward, the coated electrodes were cut into disks with a diameter of
14 mm. The average mass loading of the active material in each electrode was 1.6 mg. The
specific capacity calculation was based on the total mass of all the active materials present
on the electrodes. To assemble the CR2016-type half-cell, a thin Li plate was utilized as the
anode electrode, while Celgard 2400 served as the separator. The entire assembly process
was carried out in an argon glove box (MBRAUN Unilab), with the water and oxygen levels
being maintained below 0.1 ppm. Galvanostatic charge/discharge characterization was
performed at room temperature using a Neware battery test system (Neware Technology
Co., Ltd., Shenzhen, China). The cut-off voltage was set at 0.01—2.5 V. In order to assess the
coating effect, electrochemical impedance spectroscopy (EIS) was conducted prior to the
cycling test. This analysis evaluated the electronic resistance and ion diffusion rate within
a frequency range from 10 mHz to 10 MHz, with a 10 mV bias. The measurements were
conducted using a CS310H electrochemical workstation system (Corrtest, Co. Ltd., Wuhan,
China). Furthermore, cyclic voltammetry (CV) measurements were performed with a scan
rate of 0.1 mV-s~! between 0.01 and 3.0 V in order to gather additional information.
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3. Results
3.1. Structural and Physicochemical Analysis of the FTP Powders

The XRD results of the Fe,O3/TiO,_/PEDOT composites with various EDOT poly-
merization durations are shown in Figure 2a. For each sample, most of the high-intensity
diffraction peaks indicated a Hematite x-Fe,O3 phase (ICDD#01-073-2234), which meant
that the main component of the composites was the commercial Fe,Os. It was noted that
some tiny peaks appeared at 30.2° and 57.3°, manifesting a Maghemite y-Fe,O3 phase
(ICDD#00-039-1346). This phase, which benefited the cycling performance, was formed
along with the reduction process of the TiO, coating. The characteristic peaks of TiO, and
PEDOT cannot be detected clearly in the curves; thus, the TIO, and PEDOT coating layer
may exist in the composites as an amorphous phase, and the PEDOT-coating process had
no effect on the phase structure of the Fe;O3/TiO;, composites.
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Figure 2. (a) XRD patterns, (b) FI-IR results, and (c) TG curves of Fe;O3/TiO,_, /PEDOT composites
with multiple polymerization times, and (d) FI-IR results of Fe;O3 and Fe;O3/TiO,_ as control groups.

In order to confirm the existence of PEDOT in the final composites, FI-IR was per-
formed for all the composites with multiple polymerization durations. It can be seen
that the characteristic peaks of Fe,O3 were shown at 470 cm ™! (Fe-0), 2871 cm~! (C-H),
3400 cm~ !, and 1640 cm ™! (O-H). Meanwhile, the characteristic peaks corresponding to
PEDOT were detected at 1315 cm ™! (C-C), 1515 cm~! (C=C), 1048 cm~! (C-O-C), and
674 cm~! (C-S-C). It can be demonstrated that the EDOT was well polymerized and de-
posited in the composites. In addition, the FTP-56 and FTP-40 samples had higher-intensity
peaks at 674 cm ! due to longer polymerization durations, leading to more polymer being
produced. Further evidence to verify the existence of PEDOT is the FT-IR results of the
pure Fe;O3 and FepO3 coated with TiO,, which are illustrated in Figure 2d. The charac-
teristic peaks corresponding to PEDOT cannot be found in the spectrum; instead, some
detected peaks only corresponded to the Fe;O3. Thus, the PEDOT was well-added into
the composites.
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Figure 2c shows the TG results of the Fe;O3/TiO,_«/PEDOT composites. The weight
loss below 100 °C was due to the moisture and some oligomer in the composites. When the
temperature was increased to above 350 °C, the PEDOT started combustion and the weight
loss became quite significant. The weight residuals of FTP-8 to FTP-56 were 53.2%, 50.3%,
44.2%, and 45.3%, respectively. The thickness of the polymer coating layer had a positive
correlation with the polymerization duration. As the polymerization duration increased,
the polymerization rate slowed down. When the duration exceeded 40 h, the EDOT in the
solution was used up. The content of PEDOT in FTP-40 and FTP-56 was almost the same,
which led to similar electrochemical performances.

The morphology and structure information is illustrated in Figure 3. The SEM image
of raw commercial Fe;O3 is shown in Figure 3a. The mean particle size was 2—4 um
and possessed an irregular shape. The TiO,_y-coating process had slight effect on the
particle size in our previous investigation [34]. However, with the PEDOT layer added
into the composites, the process had a significant influence on the particle size, as shown
in Figure 3b. For each PEDOT coating, the composites had a similar morphology. FTP-24
was chosen as a representative of all the FTP samples. It can be seen that the particle size
increased to 10-15 um and some secondary small particles were distributed randomly
around the main particle. This can be attributed to the Fe,O3 particle aggregation in
the EDOT polymerization process. This intricate process often begins with monomer
adsorption onto the surface of iron oxide particles, followed by subsequent chemical
reactions that lead to the formation of polymer chains. As a result, small particles are
interconnected, giving rise to larger particles, and, consequently, an increase in particle
size. Thus, the PEDOT intertwined on the Fe,O3 particles had a confinement effect on
the particles to inhibit the expansion in the Li insertion process, which helped to improve
the cycle performance. The corresponding EDS mapping results of FTP-24 are shown in
Figure 3c. The main observable elements of Fe, O, and Ti were uniformly distributed, which
meant the composite had no local segregation.

Figure 3. The morphology and structure characterization of the composites. (a) SEM image of raw
commercial Fe;O3. (b) SEM image of FTP-24 as a representative of the PEDOT-coated composites.
(c) The corresponding EDS mapping analysis of FTP-24. (d,e) TEM images of FTP-8 and FTP-24 with
the lattice fringes in the insert.

Figure 3d,e illustrates the TEM images of FTP-8 and FTP-24. It can be seen that the
amorphous layer was uniformly covered on the crystalline phase. The interplanar spacing
of intra particles was 2.69 A, corresponding to the (112) plane of Hematite Fe,O3. The
thickness of the amorphous coating layer of FTP-8 was about 1-3 nm; however, the thickness
increased to 5-8 nm in the FTP-24 sample, which was due to its longer polymerization
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duration. Moreover, a double-layer coating structure is observed in Figure 3e, which may
be attributed to the TiO,_, and PEDOT layer.

3.2. Electrochemical Performance of the Compounds

The cyclic voltammogram results are shown in Figure 4. For the FTP samples, the first
distinct cathodic peak with a high current density appeared at about 0 to 0.4 V, corresponding
to the SEI film formation and irreversible lithiation reaction [43]. The reversible conversion
reaction from Fe,O; to the cubic Liy(Fe,O3) and further to Fe’ took place as well in the first
cathodic scanning process. The anodic board peaks, appearing at 1.06 and 1.53 V, can be
ascribed to the Fe” two-step oxidation to Fe?* and to Fe**. All the first-cycle curves are
illustrated in Figure 4e. As the polymerization duration increased, especially for the FTP-56
sample, the cathodic peaks at 0.4 V became more distinct, indicating a greater irreversible
lithiation reaction and more lithium loss occurring in the first cycle. After the first cycle, as
shown in Figure 4a—d, the CV curves became stable. The cathodic peak shifted to 0.75 V
and the current density was slightly weaker, indicating the reversible lithiation process. The
CV curves of bare Fe;O3 are shown in Figure 4f. It can be seen that the irreversible reaction
peak at 0.61 V was much sharper, signifying more lithium loss in the first cycles for the SEI
formation. After the first cycle, the capacity loss was significant, as shown by observing the
current density decrease in the first three cycles. Thus, in comparison to the PEDOT-coated
samples, the bare Fe,O3 exhibited a quite unstable state in the electrochemical process.
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Figure 4. First three cycles of cyclic voltammograms of (a) FTP-8, (b) FTP-24, (c) FTP-40, (d) FTP-56,
(e) first cycle of CV results of all the FTP samples, and (f) first three cycles of CV results of bare Fe;O3.

The constant current charge—discharge curves (current density, 100 mA /g) of the first
three cycles of the obtained samples are illustrated in Figure 5. The optimal one of the FTP
samples, FTP-24, was chosen to study the PEDOT coating’s effects on the electrochemical
performance. The first specific discharge and charge capacities were 1543.4 and 1062.1
mAh/g, respectively, and the corresponding initial coulombic efficiency (ICE) was 68.81%.
The results were well-matched to the CV analysis, in which the low ICE was caused by
the irreversible lithiation process and the formation of SEI film. In the following cycles,
the capacity decay became less noticeable and the electrode exhibited a quite stable charge—
discharge plateau. In order to further understand the PEDOT and TiO, coatings” synergistic
effects on the electrochemical performance, samples without PEDOT (FT), without TiO,
(FP-24), and without both (Fe,O3) were prepared, and their corresponding results are shown
in Figure 5b—d, respectively. In the first three cycles of the three samples, the capacity decay
was significant, rather than the FTP-24 sample only being significant in the first cycle. In
the initial discharge process, there were two typical plateaus at about 1.7 and 0.75 V in the
Fe,O3@PEDOT-24h and Fe, O3 samples, conforming to the CV results. Meanwhile, the plateau
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at 1.7 V disappeared in the Fe;O3@TiO, sample. It is worth noting that the PEDOT coating
effectively inhibited the rapid capacity decay, and the stable plateau at 0.75 V remained in
the discharge process as well. The initial specific discharge, charge capacity, and Coulombic
efficiency of all the FTP samples and control groups are listed in Table 1. It can be seen that
the TiO, coating was the key factor leading to the decrease in ICE, and PEDOT had a slight
positive effect on enhancing the ICE. All the FTP samples possessed a similar ICE, however,
FTP-24 showed the highest initial charge—discharge specific capacity. In comparison to the
other FTP samples, FTP-24 exhibited a higher capacity retention as well.
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Figure 5. The constant current charge—discharge curves (current density, 100 mA /g) of first three

cycles of FTP-24 (a), Fe,03@TiO; (b), Fe;03@PEDOT-24h (c), and Fe, O3 (d).

Table 1. The charge—discharge specific capacity of the initial cycle and the initial coulombic efficiency
of all the FTP samples and the control groups at a current of 100 mA/g.

Initial Charge Initial Discharge Initial Coulombic Charge Capacity Discharge Capacity

Sample Specific Capacity Specific Capacity Efficiency (%) after 150 Cycles after 150 Cycles
(mAh/g) (mAh/g) (mAh/g) (mAh/g)
FTP-8 731.1 1107.0 66.04 513.6 518.4
FTP-24 1062.1 1543.4 68.81 623.4 628.2
FTP-40 761.4 1180.1 64.52 433.3 437.6
FTP-56 659.7 986.7 66.86 358.6 356.9
FT 833.6 1269.3 65.67 230.0 228.6
FP-24 1062.5 1318.2 80.60 97.1 97.5
Fe;O3 1033.3 1313.8 78.65 75.87 76.0

The cycle performances and impedance spectra are illustrated in Figure 6. The FTP
samples, especially FTP-24, exhibited a better cycle performance at 100 mA /g than those
without dual-hierarchical decoration, as shown in Figure 6a. This phenomenon was due
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to the synergistic effect of the TiO, and PEDOT coating on inhibiting the Fe,O3 volume
change in the charge-discharge process. As a good Li-ion conductor, TiO; isolated the direct
contact between the Fe,O3 and the electrolyte, meanwhile, PEDOT relieved the particle
pulverization issue, owing to its flexibility. It was noticed that the FT sample exhibited a
lower specific capacity than in our previous report, which was due to the change in the
binder. The sodium alginate was proven ineffective when we introduced PEDOT into
the samples.
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Figure 6. The electrochemical performance of the FTP, FT, FP, and bare Fe,O3 samples. (a) Cycle
performance at a current density of 100 mA /g, (b) rate performance, (c,d) impedance spectra, and
(e) long cycle performance comparison of FTP-24 and Fe, O3, 360 cycles at 100 mA /g.

The rate performance is shown in Figure 6b and current densities of 25, 50, 100, 200, 400,
200, 100, 50, and 25 mA /g were selected. It can be seen that the specific capacity decreased
more slightly with an increase in the current density of the FTP samples, especially FTP-24,
in comparison to that of the non-FTP samples. The specific capacity recovered to the
initial value when the current density was back. The non-FTP samples exhibited fast decay
with increasing the current density, even to zero under 400 mA /g. This inferred the dual
hierarchical decoration availably improved the ionic and electronic conductivity of the
commercial Fe,O3 materials.

To further understand the enhancement effect on the ionic and electronic conductivity
of the TiO, and PEDOT decoration, impedance spectra were performed, as shown in
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Figure 6¢,d. By comparing the Nyquist plots at a high frequency in Figure 6¢, the FTP
samples exhibited a low charge transfer resistance (R¢t, ~80 (), except FTP-40 (~140 (),
which inferred that more PEDOT coating did not determinately lead to a decrease in
transfer resistance. This phenomenon was confirmed by the FP-24 sample, which possessed
the highest Rct value (shown in Figure 6d). The results explained that the FTP-40 sample
showed a poor cycle performance out of all the FTP samples. In the low-frequency region,
the slopes of the spectra were similar to each other, which meant the double-layer coating
had slight inhibiting effect on the Li-ion diffusion. In Figure 6d, the FTP sample showed
great advantage in reducing the R, compared to the single-layer or bare Fe,O3, and
even the resistance had a significant increase in the single PEDOT-coated sample, which
demonstrated that the synergistic effect of the dual coating was quite important. The
primary factor contributing to the higher Rct was the interface formed between the PEDOT
and Fe;Os3, imposing constraints on the electron transport. However, by introducing
TiO, with oxygen defects as an intermediary, we managed to significantly enhance the
interfacial contact.

The long cycle performance of the FTP-24 sample is illustrated in Figure 6e. It can
be seen that the specific capacity and cycle stability were enhanced significantly by the
dual hierarchical decoration, compared to the bare Fe,O3.The discharge specific capacity
remained at 588.9 mAh/g after 360 cycles at a current density of 100 mA/g. To emphasize
the significance of our Fe,O3 composites, we include a comparison with other outstanding
reported anodes in Table 2. As evident from the table and its long cycle performance,
the modified industrial Fe,O3 exhibited substantial promise as an anode material for
Li-ion batteries.

Table 2. A comparison between our study and previously reported data for reference.

Initial Discharge

Current Density Reversible Capacity

Materials Specific Capacity . N Ref.
(mA/h) (mAh/g) Capacity (mAh/g) Retention (%)
02‘2% I;eCan 100 1372 435 (50 Cycles) 31.7 [44]
Fe3O4@graphene 100 1625 849 (100 Cycles) 52.2 [45]
Silicon-Carbon 100 1090 200 (100 Cycles) 18.3 [46]
10%-SC 100 1227 800 (100 Cycles) 65.2 [47]
CuO-NiO/rGO 100 990 680 (50 Cycles) 68.7 [48]
Carbon@SnS, core-shell 100 1611 500 (50 Cycles) 31.0 [49]
microspheres
FTP-24 100 1543 588.9 (360 Cycles) 40.7 This work

4. Conclusions

A facile polymerization method was applied to decorate industrial Fe,O3 with a
TiO, and PEDOT dual coating for application as an anode material in Li-ion batteries.
The synergistic effect of the hierarchical layer on the enhancement of cycle stability was
demonstrated by the structural and electrochemical characterization. The ceramic-phase
TiO, isolated the direct contact between the Fe;O3 and the electrolyte, meanwhile, PEDOT
relieved the particle pulverization issue, owing to its flexibility. The optimum FIP-24
sample, corresponding to a polymerization duration of 24 h, exhibited the most excellent
specific capacity and cycle performance. Too long of a polymerization duration would
affect the electronic conductivity and Li-ion transportation in the electrode. Due to the
dual hierarchical decoration, the composites based on the industrial Fe;O3; possessed
588.9 mAh/g after 360 cycles at a current density of 100 mA /g, which could make them
excellent candidates as commercial anode materials.
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Abstract: With the increasing demand for Li resources worldwide, the easy recycling of Li-ion
batteries materials becomes essential. We report a binder-free cathode consisting of carbon nanotubes
(CNTs) and LiFePO4 (LFP) nanoparticles embedded in a 3D Al network. The electrode stability de-
pends on the CNT ratio, where 3% CNT-wrapping LFPs provide a stable structure free of detachment
from Al foam, as observed on Al foil. The binder-free cathode sheet exhibited excellent performance
for high-rate discharge and long-term cycle life. Materials on the cathode can be easily detached
with ultrasonic treatment when immersed in organic solvent, which is advantageous for a green and

high-efficiency strategy of recycling all valuable materials compared to the binder-used electrode.

Keywords: Li-ion battery recycling; binder-free cathode; carbon nanotubes; Al foam; 3D porous
current collector

1. Introduction

The development of the secondary Li-ion battery (LIB) industry directly leads to an
application burst of electrical vehicles worldwide, contributing to clean technology for
carbon neutrality [1-4]. However, the huge demand of Li-based cathode materials increases
the Li supply pressure, considering that the reserve of the Li element on Earth is actually
low compared to other elements (Al, Si, Fe, etc.) [5,6]. The shortage of Li compounds brings
very unstable Li prices, which is unhealthy to the development of the industry. In turn, this
stresses the importance of recycling Li resources from spent LIBs [7-10].

In general, for LIB fabrication, binders are used in large amounts to adhere Li cathode
materials tightly onto the Al foil (current collector). This tight interaction ensures the close
contact of the cathode materials with the current collector, for electronic transfer and for
long-term stability [11,12]. But such structure result in a high difficulty in recycling Li
resources from spent batteries. Up to now, although various methods (wet chemistry and
high-temperature melting) have been proposed for recycling Li inside LIBs [13-16], most
of them are destructive to the battery structure. And the separation of various complicated
and even toxic components of LIBs from each other is still costly and sometimes full of risk.

In the present work, we propose a new concept for fabricating a binder-free cathode
with 3D Al foam (current collector) to fix the cathode materials. In detail, in using LiFePO,
(LFP) nanoparticles to model the cathode material, they were firstly mixed with carbon
nanotubes (CNTs) to form a composite slurry, and then used to fill the pores of the Al
foam, following the compression procedure. LIBs with such configuration work well for
charging and discharging to deliver a high performance. The contact between the LFP
nanoparticles with the CNTs was good, where 1D CNTs wrapped the LFP nanoparticles
tightly owing to the strong interaction of the van der Waals forces between the two kinds
of nanoparticles [17-20]. And the contact between the composite powder and numerous Al
wires, which composed the uniform 3D network, was also excellent based on the mechanical
compression [21-23]. In considering the recycling of LFP materials, the cathode sheets of
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spent LIBs were immersed in organic solutions. The assisted external ultrasonic operation
enabled the easy detachment of CNTs and LFP powders from the Al foam network. Most
of the CNTs and LFP could be extracted from the cathode and transferred to solution under
ultrasonic conditions. The present strategies may offer new options for the field.

2. Materials and Methods
2.1. Material Preparation

CNTs prepared with the chemical vapor deposition (CVD) method had a diameter
range of 7-11 nm and length of several micrometers [24-27]. After purification with acidic
washing and high-temperature vacuum treatment, their purity met the requirements of
the LIB industry. LFP nanoparticles (purchased from Pulead Technology Industry Co.,
Ltd., Beijing, China) had a particle size of 100 nm, which had a thin carbon layer on the
external surface. Al foam was prepared with magnetically controlled spouting Al particles
on porous polyurethane (PU) foam from the Al target, followed with the removal of the
PU template through controlled oxidation below 600 °C [21,22]. The pristine Al foam used
here was 1 mm thick, 50 cm long, and 20 cm wide. Its porosity, mass density, and Al purity
were 95%, 120 g m~2, and 99.995%, respectively.

2.2. Cathode Sheet Fabrication

Firstly, LFP nanoparticles, CNTs, and conductive carbon black (Super P) were mixed
in an N-methyl-2-pyrrolidone (NMP) solution and stirred in a homogenizer (SK-300II,
Kakuhunter Co., Ltd., Shiga Prefecture, Japan) for 2 h. The viscosity of the slurry was
controlled at 1500-3000 mPa-s. Secondly, 3D Al foam was immersed into the slurry to
sufficiently absorb the LFP and CNT mixture inside. Then, the cathode sheet was dried
at 70 °C for 2 h to remove all NMP, following roll compression by a rolling machine
(MSK-2150, MTI Corporation, Richmond, CA, USA).

Three binder-free cathodes with different compositions (1% CNTs + 94% LFP,
3% CNTs + 92% LFP, and 5% CNTs + 90% LFP, where the mass fraction of Super P was
controlled at 5%) were prepared and compared, which were marked as 1% CNTs, 3% CNTs
and 5% CNTs, respectively. These cathode sheets were die-cut to a size of 5 cm wide, 7.6 cm
long, and 190 um thick. The mass loading and compaction density of active materials in
the cathode sheets were 22 mg cm 2 and 1.16 g cm .

2.3. Anode Sheet and Pouch Cell Fabrication

An anode sheet was directly purchased from Guangdong Canrd New Energy Technol-
ogy Co., Ltd. (Guangzhou, China). It was a typically fast-charging graphite anode adhered
onto a Cu foil (current collector). The N /P ratio was controlled at 1.10.

To fabricate a pouch cell, 5 cathode sheets and 6 anode sheets were stacked with
polypropylene (PP) membrane (20 um thick) one by one and sealed with an Al plastic
film. The space inside the electrodes and pouch cell was filled with LiPF4-based electrolyte,
which was purchased from Zhangjiagang Guotai Huarong New Chemical Materials Co.,
Ltd. (Suzhou, China) (LB-4927BY). The areal capacity and total capacity of the pouch cell
were about 3.05 mAh cm 2 and 580 mAh.

2.4. Electrochemical Test

Charge and discharge tests on the pouch cell were performed using a battery testing
system (CT6002A, Wuhan Land Electronics Co., Ltd., Wuhan, China) at 25 °C. During the
initial formation process, the fresh pouch cell was firstly charged at 0.05 C for 2 h and then
charged at 0.1 C for 5 h, followed by being charged to 3.8 V at 0.2 C and discharged to
2.4V at 0.2 C to finish the first charge-discharge cycle. It was then charged and discharged
at 0.2 C for 3 cycles in a voltage range of 2.4-3.8 V, including a constant-voltage charge
process at 3.8 V until a cut-off current rate of 0.02 C. During the rate tests, the pouch cell
was charged at 1 C (including the constant-voltage charge process) and discharged at
rates from 1 C to 20 C (constant-current mode). A cyclic test was performed by charging
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and discharging the pouch cell at 1 C. The specific capacity (mAh g~!) was calculated
using the discharge capacity and the total mass of the LFP in the cathodes. The energy
density (E, Wh kg~!) and average power density (P, W kg~!) were calculated using the
following equations:

I % fudt
E= 3600 x m @)
b 3600 x E )

t

Here, I is the discharge current (A), U is voltage (V), t is discharge time (s), and m (kg)
is the total mass of active materials (LFP and graphite) in the cathode and anode.

3. Results and Discussion

Figure S1 shows scanning electron microscope (SEM) images of the LFP nanoparticles
and transmission electron microscope (TEM) images of the CNT powders. The particle size
of the LFP nanoparticles was about 100 nm, and the diameter of the CNTs was about 10 nm
with walls of about 15 layers. When these materials were mixed into binder-free slurry
and coated on conventional Al foil, a severe delamination of the coating occurred after
drying due to inadequate adhesion. In contrast, the 3D skeleton structure of the Al foam
can provide excellent support for the active materials, forming a stable binder-free cathode
(Figure S2). Further, we placed three Al foam-based binder-free cathodes in the middle of
a folded white paper, ensuring tight contact, and then observed the delamination of the
coatings. As shown in Figure 1a, some delamination of coating materials occurred in the 1%
CNT cathode, whereas no such phenomenon was seen in the other two cathodes, proving
the important adhesive effect of CNTs. The micrograph in Figure 1b shows that pristine
Al foam was constructed from lots of interconnected and interlaced Al wires, exhibiting
a 3D porous structure with pore diameters in the range of several hundred micrometers.
When the slurry was coated on Al foam without compression, cathode materials were
primarily filled within the pores of the Al foam under a low-loading condition. While
increasing the loading, a small portion of the coatings can also be supported on the surface
of Al wires. After roll compression, most of the active materials are squeezed into the
internal pores of the cathode, resulting in an extremely flat surface (Figure 1c). In addition,
the Al wires interconnected to form a 3D conductive network and support structure, in
tight contact with the active materials. As shown in Figure 1d, the CNTs were wrapped
around the LFP nanoparticles uniformly on a microscopic scale. This interaction through
van der Waals forces is tight to ensure that the external layer interacts with the inner layer
tightly. In summary, Al wires form a continuous network to fix LFP and CNT particles on
a macroscopic scale, and the CNTs are also wrapped around the LFP through the strong
interaction at a microscopic scale, which are the key effects of avoiding the detachment of
LFP nanoparticles from the matrix.

Figure 1. Cont.
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Figure 1. (a) Optical images of the binder-free cathodes of CNTs-LiFePO4-Al foam with three composi-
tions. The coating materials in the 1% CNT cathode exhibited delamination after compression within
a folded white paper, which was not observed in the other two cathodes. (b) Optical micrograph
of pristine Al foam and Al foam-based binder-free cathode with low and high loading of active
materials (3% CNTs, uncompressed). (c) Optical micrograph of Al foam-based binder-free cathode
(8% CNTs, compressed); the golden wires are Al foam, and the black regions are active materials. (d)
Enlarged SEM image of the white region in (c).

The electrochemical performances of the pouch cells with three binder-free cathodes of
CNTs-LiFePO4-Al foam were tested to verify the availability and superiority of the strategy
proposed in this work. The specific capacities at different discharge rates in Figure 2a
show that the three cathodes had similar performances at 0.2 C—6 C, and the 3% CNT
cathode had the most superior performance at a high rate of 10 C-20 C. To explain the
optimal 3% CNT content, we measured the tap density of the LFP and CNTs powders
used in this work, which were about 0.9 g cm~3 and 0.035 g cm 3. Accordingly, the
volume ratio of the LFP to CNTs in the cathodes of 1% CNTs (94% LFP + 1% CNTs),
3% CNTs (92% LFP + 3% CNTs), and 5% CNTs (90% LFP + 5% CNTs) could be determined
as 3.66, 1.19, and 0.70, respectively. The volume fraction of CNTs increased with the rise in
their content, and the volume ratio in the 3% CNT cathode was closest to 1. For 1% CNTs,
insufficient conductivity and adhesion (Figure 1a) may be the reasons for the relatively
lower specific capacity at high discharge rates. For 5% CNTs, an excessive content of CNTs
would lead to poor dispersion and severe spontaneous aggregation (Figure S3), which
diminished the improvement effect on the conductivity of LFP. It may even hinder the Li-
ion diffusion of LFP particles, thereby reducing the specific capacity at high discharge rates.
Overall, the 3% CNT cathode exhibited the best rate performance among these binder-free
cathodes. It can withstand a discharge rate as high as 20 C, with specific capacities at
4 C/10 C/20 C being 127 mAh g~!,109 mAh g~!, and 71 mAh g, and the corresponding
capacity retention (compared to 0.2 C) reaching 91%, 78%, and 51%, where the values
always remained at a high level (Figure 2b). These results indicate that the CNTs-Al foam-
assisted binder-free cathode showed extremely excellent electrochemical performance.
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Figure 2. (a) Specific capacity of the binder-free cathodes of CNTs-LiFePO4-Al foam at different
discharge rates. (b) Capacity retention of the binder-free cathode with 3% CNTs at different discharge
rates compared to 0.2 C. (c) Energy density and power density (Ragone plot) of the pouch cells with
binder-free cathodes. (d) Voltage—capacity plot of the binder-free cathode with 1% CNTs. (e) Voltage—
capacity plot of the binder-free cathode with 3% CNTs. (f) Voltage—capacity plot of the binder-free
cathode with 5% CNTs. (g) Cycle performance of the binder-free cathode with 3% CNTs.

Based on the total mass of active materials (LFP and graphite) in the cathode and
anode, we calculated the energy density and average power density of the three pouch cells
with binder-free cathodes (Figure 2c). Similarly, 3% CNTs exhibited the most outstanding
performance. The energy density of 3% CNTs could reach 284 Wh kg~! at a power density
of 59 W kg~ !, and it remained at 245 Wh kg~! at 1064 W kg~ ! and 121 Wh kg~ ! at
4739 W kg~ !. As shown in Figures 2d—f and S4, the three pouch cells exhibited well charge-
discharge characteristics at all rates. Within the discharge rates of 0.2 C-6 C, the voltage
polarization did not significantly increase, demonstrating the typical characteristic of LFP
materials with a voltage plateau. Even at high discharge rates of 10 C-20 C, all three binder-
free cathodes still possessed a high specific capacity and high discharge voltage. Specifically,
the median voltages of 3% CNTs while discharging at 0.2 C,2 C, 6 C, 10 C, and 20 C were
3.259V,3.180 V, 3.048 V, 2.922 V, and 2.725 V, respectively, always higher than that of 1%
CNTs (3.258 V, 3.173 V, 3.023 V, 2.891 V, and 2.671 V) and 5% CNTs (3.258 V, 3.172 V, 3.024 V,
2.885V, and 2.704 V), again demonstrating the best discharge performance of 3% CNTs
among these binder-free cathodes. Furthermore, we also performed the cyclic test at 1 C
charge—discharge using the pouch cell with the binder-free cathode of 3% CNTs. Figure 2g
shows that the coulombic efficiency was stable at near 100%, with the discharge capacity
slowly decreasing as the cycle number increased. Specifically, the capacity retention after
2000, 5000, and 9000 cycles was 82%, 76%, and 69%, respectively. These electrochemical
test results confirm that the Li-ion batteries with a binder-free cathode of CNTs-LiFePO,4-Al
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foam possessed remarkable rate performance and cycle performance, which we attribute
to three key factors. Firstly, the strong interaction between CNTs and LFP, along with an
appropriate volume ratio and the supporting effect of Al foam with a 3D skeleton, confer
good stability to the cathode, enabling it to withstand high-current impacts and maintaining
a stable electrode structure over long cycles. Secondly, the CNTs and Al foam effectively
enhanced the electronic conductivity within the cathode coatings and between the coatings
and current collector at microscopic and macroscopic scales, allowing for small polarization
and high capacity even at very high discharge rates. Furthermore, the porous structure
of the CNTs and Al foam facilitate electrolyte seepage, which is beneficial for improving
Li-ion diffusion performance and ensuring sufficient ion supply over extended cycling
periods [21,23]. These performances of the present binder-free cathode of CNTs-LiFePOy4-Al
foam are comparable or superior to those of other binder-free electrodes [28-33], proving
that it is a simple but advanced strategy for fabricating a binder-free cathode using Al foam
and CNTs. As for the fast-charging aspect, we believe that it is more closely related to
the anode performance (such as anionic activity regulation, solid electrolyte interphase
modification, anodic kinetic enhancement, etc.) [34-36], which was not deeply investigated
in this study:.

After the discharge test, the pouch cell with the binder-free cathode was treated to
recycle Li compounds. Figure 3a shows disassembled binder-free cathode sheets with
3% CNTs. There was little black cathode material detachment on the PP membrane,
indicating that the supporting effect of the CNTs and Al foam remained stable even after
high-rate discharge. Further, the binder-free cathode was immersed into NMP solvent and
subjected to ultrasonic treatment. It can be clearly seen in Figure 3b that the black powders
were detached from the Al foam and some regions of silver-white Al foam occurred after
ultrasonication for 40 min. When increasing the ultrasonic time to 100 min, the black areas
(cathode material coating) became lighter in color, while the silver-white areas (Al foam)
became larger, indicating that more cathode materials could be detached as ultrasonic
time increased. The micrograph in Figure 3c reveals that most of the cathode materials
had been detached in the NMP solvent with only a little residual on the Al wires (as the
arrows mark) after ultrasonic treatment for 100 min. Meanwhile, the NMP solvent in
the beaker bottle became very black. The same procedure of ultrasonic treatment was
conducted for the binder-free cathode of 5% CNTs (Figure S5). However, there was still
lots of black powder residual on the Al foam cathode after ultrasonic for 100 min. This
difference indicates that excessive CNTs may lead to excessive adhesion, making it difficult
for active materials in spent LIBs to detach from Al foam, thus complicating the recycling
process of Li compounds.

In order to validate the feasibility of recycling LFP nanoparticles from the binder-free
cathode of CNTs-LiFePOy4-Al foam, we transferred a portion of NMP suspension after
100 min of ultrasonication into a centrifuge tube, which at this point was uniformly dark
black (Figure 3d). After standing the tube vertically for 12 h, it was observed that almost
all the solids in the solution naturally settled at the bottom, leaving a supernatant with
a very low solid concentration at the top (Figure 3e). This phenomenon indicates that a
solid-liquid separation process of the suspension after ultrasonic treatment can be eas-
ily achieved through natural sedimentation and filtration. Of course, the application of
high-speed centrifugation and other techniques can further enhance the recycling efficiency
of cathode materials. Figure 3f shows a SEM image of solid materials in the suspension
with 40 min ultrasonication, where the majority were LFP nanoparticles with a minority of
CNTs, suggesting that LFP with its higher density was easier to detach from the binder-free
cathode during the ultrasonic process. When increasing the time to 100 min, a significant
number of CNTs can also be detached (Figure 3g). In short, the strategy to recycling the
valuable materials (LFP and CNTs) in a binder-free cathode of CNTs-LiFePOy-Al foam
through ultrasonication was proved to be feasible and efficient. In addition, the spent ultra-
sonic solvent can also be used for many times. Figure 4 summarizes the recycling process
of LFP and CNTs nanomaterials from a spent binder-free cathode of CNTs-LiFePOy4-Al
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foam. It was estimated that the ultrasonic treatment was effective in recycling 95-97%
of all materials on the cathode side. The high recycling ratio of LFP nanoparticles was
due to the small size of LFP, which detached gradually from the pores of the Al foam,
although the pores were somewhat narrowed after compression. Only very few CNTs
adhered to the Al foam owing to their strong van der Waals interaction. Apparently, it is
a green and high-efficiency strategy for recycling all valuable materials compared to the
binder-used electrode.

3% CNTs

Figure 3. (a) Optical image of the disassembled binder-free cathode sheets with 3% CNTs. (b) Optical
images of the binder-free cathode with 3% CNTs after ultrasonic treatment for 40 min and 100 min.
(c) Optical micrograph of the binder-free cathode with 3% CNTs after ultrasonic treatment for 100 min.
(d) The NMP suspension with 100 min ultrasonication. (e) The solution in (d) after standing vertically
for 12 h. (f) SEM image of solid materials in the suspension with 40 min ultrasonication. (g) SEM
image of solid materials in the suspension with 100 min ultrasonication.

Organic solvent solvent recycle
NMP, etc.
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mechanical
Spent binder-free | oscillation centrifugation other uses | . ponaceous
cathode of CNTs- Suspensi Carbon material adsorbentelc
LiFePO,-Al foam ultrasonic natural settling e
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Figure 4. Recycling process of LFP and CNT nanomaterials from spent binder-free cathode of
CNTs-LiFePOy4-Al foam. After a green and high-efficiency procedure, lots of fine LFP and CNTs
could be recycled from the spent binder-free cathode due to the application of Al foam as current
collector and the well-design ratio of LFP and CNTs.
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4. Conclusions

We proposed a strategy to fabricate a binder-free cathode using Al foam and CNTs.
Owing to the supporting effect and adhesive effect of Al foam and CNTs at macroscopic
and microscopic scales, the binder-free cathode of CNTs-LiFePOy4-Al foam exhibited good
stability with no obvious material detachment before and after the electrochemical tests.
Thanks to the enhanced conductivity of the 3D Al conductive network and wrapped
CNTs with high electrical conductivity, it also showed excellent performance for high-rate
discharge as high as 20 C and long-term life for 9000 cycles. In addition, this electrode
structure is also conducive to the recycling of valuable materials in cathodes (LFP and
CNTs) through simple ultrasonication, sedimentation, filtration, etc. In considering that
the electrode must have sufficient adhesion during the charge-discharge process, yet
not too strong to hinder ultrasonic separation, the content of CNTs in the binder-free
cathode should be carefully optimized, where 3% CNTs of the mass fraction were optimum
in this work.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /batteries10080261/s1: Figure S1: (a,b) Scanning electron microscope
(SEM) images of LFP nanoparticles. (c,d) Transmission electron microscope (TEM) images of CNT
powders; Figure S2: Optical image of the binder-free cathodes with 3% CNTs: (a) Al foil-based and
(b) Al foam-based; Figure S3: SEM image of 5% CNTs cathode, showing that the excessive content
of CNTs lead to poor dispersion and severe aggregation; Figure S4: The differential capacity curves
(dQ/dV) of the pouch cells with binder-free cathodes: (a) 1% CNTs, (b) 3% CNTs, and (c) 5% CNTs;
Figure S5: (a) Optical images of the binder-free cathode with 5% CNTs after ultrasonic treatment for
40 min and 100 min. (b) Optical micrograph of the binder-free cathode with 5% CNTs after ultrasonic
treatment for 100 min.
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Abstract: Crystalline diamond nanoparticles which are 3.6 nm in size adhering to thin-film silicon
results in a hydrophilic silicon surface for uniform wetting by electrolytes and serves as a current
spreader for the prevention of a local high-lithium-ion current density. The excellent physical integrity
of an anode made of diamond on silicon and the long-life and high-capacity-retention cycling perfor-
mance are thus achieved for lithium-ion batteries. A specific capacity of 1860 mAh/g(si) was retained
after 200 cycles of discharge/charge at an areal current density of 0.2 mA /cm?. This is compared to
1626 mAh/g(si) for a thin-film-silicon anode without the additive of diamond nanoparticles.

Keywords: lithium-ion battery; thin film; silicon; anode; diamond; electrolyte wetting

1. Introduction

Rapid development in electric vehicles, renewable energy, high-performance comput-
ing, and mobile electronic devices needs high-performance energy storage devices [1-3].
Graphite is the predominant anode material for the most popular mobile energy storage
devices of lithium-ion batteries (LIBs), although the specific capacity (372 mAh/g) of
graphite is not as high as desirable. Silicon (Si) offers a high theoretical specific capacity
(3579 mAh/g for crystalline Lij5Sis) and a relatively low discharge voltage (about 0.4 V
vs. Li/Li"), making it an attractive candidate for next-generation anode materials for high-
energy-density LIBs [4]. However, the low electrical conductivity of silicon and its large
volume expansion due to alloying with lithium (about 400%) adversely affect the charge—
discharge cycling stability and electrochemical performance of silicon-based anodes [5,6].
Many efforts were made to overcome barriers against the wide adoption of silicon-based
anodes. Focus has been on the reduction of the silicon size [7], hybridization [8], and
novel structures [9]. Si-based nanoparticles [10], nanowires [11], nanotubes [12], and thin
films [13] represent nanoscale structures for the improved cycling stability of silicon-based
anodes. Silicon thin films have garnered special attention due to their ease of fabrication,
low chemical residue, and precise stoichiometry. A flexible silicon thin-film electrode is
especially welcome and suitable for wearable electronics.

Qiu et al. [14] reported Si-thin-film-based LIBs fabricated by the RF magnetron sput-
tering of amorphous carbon/silicon/carbon/silicon multi-layer thin film structures. An
electrode with an initial discharge specific capacity of 1888.74 mAh/g was reported to
retained a specific capacity of 1243.56 mAh/g after 150 cycles of discharge/charge.

Liu et al. [15] inserted silver nanoparticles (AgNPs) between RF-sputtered amorphous
Si thin films. An anode with the densest AgNPs insertion reached 1250 mAh/g at 10 C
with 46% capacity retention. The results demonstrated the feasibility of multi-layer thin-
film-silicon anodes by interfacial engineering.

In this study, we fabricated silicon thin films of about a 100 nm thickness by thermal
evaporation on copper foils. Single-crystal diamond nanoparticles of a 3.6 nm size in
water suspension were attached to the silicon surface by ultrasonication. These processes
repeated twice to make a two-layer 5i/D/Si/D anode of a total thickness of about 200 nm.
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The diamond surface layer and interfacial layer resulted in a uniform lithium ion
current density, which in turn reduced hot spots, where the local high-lithium-ion current
density induces excessive internal stress, resulting in the fracture of the silicon thin films.
The diamond nanoparticles” decoration further improves the hydrophilicity of the silicon
surface for uniform wetting by water-based electrolyte to form a uniform and stable solid-
electrolyte interphase (SEI) on the surface of the anode. The thin-film silicon-based anode
retains excellent physical integrity with the reduced exposure of the fresh silicon surface
due to the fracture of the silicon films. Thinner and more uniform SEI is formed, leaving
electrolyte better preserved for the cycling operation of the battery.

2. Materials and Methods

Silicon films and Si/D/Si/D multilayer films were prepared by thermal evaporation
deposition. The process utilized n-type crystalline silicon (purity 99.999%) as the evapora-
tion source and copper foils (diameter 14 mm) as the current collectors. Copper foils were
cleaned with acetone and alcohol before the deposition of silicon films.

The deposition process was carried out at a background pressure of 3 x 107° torr. The
deposition rate for the Si films was 0.4-0.5 nm/min, and the deposition was conducted at
200 °C substrate temperature.

A 200 nm-thick silicon film was deposited on a copper foil and used as a reference
anode for a lithium-ion battery. For Si/D/Si/D multilayer films, a 100 nm-thick silicon
film was first deposited on a copper foil. The silicon film was immersed in a water solution
containing 3.6 nm diamond particles in an ultrasonic agitator. The solution was stirred at
60 rpm for 5 min for uniform dispersion of the diamond nanoparticles on the silicon film.
Excess diamond particles were removed by rinsing the sample surface with methanol. The
electrode was then dried at 100 °C. The same process repeats when multi-layer structures
were made.

Details of the fabrication of coin cells and the materials’ characterization have been
presented in prior publications. Please refer to references [16-20].

3. Results

Figure 1 shows schematic diagrams of (top) Si and (bottom) Si/D/Si/D thin-film
anode structures. The thin-film silicon anode is deposited on a copper foil current collector
by thermal evaporation, with a total thickness of 200 nm. In addition, the silicon-diamond
composite film was deposited with an initial 100 nm silicon film, followed by immersing
the electrode in a 3.6 nm nano-diamonds (NDs) suspension in water and using ultrasonic
agitation to evenly distribute the nano-diamonds (NDs) on the surface of the silicon film.
After drying on a heated plate, another 100 nm silicon film was deposited, and the 3.6 nm
diamond film was dispersed on the silicon anode again using the same method.

We use this schematic diagram to illustrate the effect of nano-diamonds (NDs) on the
uniform lithiation of the thin-film electrode. The red line represents the pathway of the
lithium ions, and the blue diamond-shaped marks represent nano-diamond (ND) particles.
In samples without a diamond layer, uneven lithiation during the cycling electrochemical
process led to excessive reactions in some local areas, causing the continuous cracking of
the thin film and regeneration of the SEI layer at those locations. The severe deformation of
the local silicon layer can lead to issues such as the fracture of the active silicon material
and electrolyte consumption by the formation of SEI on the newly exposed silicon surface.

Figure 2 displays the scanning electron microscope (SEM) images of anodes made
of silicon thin films and Si/D/Si/D thin films. Clustered silicon grains can be seen on
the surface of the silicon anode. Nevertheless, except local silicon clusters, the surface
morphology appears to be smoother for the silicon anode than the one with diamond
nanoparticles on the silicon surface and at the interface between the two silicon layers.

57



Batteries 2024, 10, 321

Li* Li* Li* Li* Li* Li*Li*

1L L e
=

Li¢ L* L Li¢ Lir

Cycling

—

Figure 1. Schematic of the thin-film anodes showing the effects of nano-diamonds (NDs) on the
uniform lithiation of the anode made of (top) Si and (bottom) Si/D/Si/D. Red arrows represent the
transportation of lithium ions. Blue diamond shape represents nano-diamond (ND) particles. The

black area represents SEI layers. Samples without diamond layers exhibited structural instability
during cycling, leading to drastic changes in local and overall thickness of the anode.

Figure 2. SEM cross-sectional images of (a) Si anode and (b) Si/D/Si/D anode; SEM top-view images
of the (¢) Si anode and (d) Si/D/Si/D anode.

Figure 2a shows a thermal evaporation deposited silicon anode with a thickness
of approximately 224 nm, while Figure 2b illustrates the layered Si/D/Si/D thin-film
electrode. The rough surface morphology of the Si/D/Si/D anode might be attributed to
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the thicker anode. Since the thicker the silicon anode is, the worse the cycling performance
is, the adverse effect of being a slightly thicker Si/D/Si/D anode than that of the Si
anode will not affect the conclusion of the performance comparison as long as the thicker
Si/D/Si/D anode performs better.

Compared to the characteristic Raman peak shown in Figure 3 of the crystalline
silicon at 520 cm ™!, the characteristic silicon peak of the deposited silicon thin film is at
a lower wavenumber of 493 cm ™. This is due to the lower crystallinity of the deposited
silicon thin film. Additionally, the red shift of the characteristic peak is consistent with the
characteristics of the small-grain-sized polycrystalline silicon. The silicon thin films are
amorphous or, at best, nanocrystalline [21,22].

—S1
— S1/D/S1/D

493

493

Intensity (a.u.)

T T T

I * Ll L

0 500 1000 1500 2000
Raman Shift (cm™)

Figure 3. Raman spectra of a Si anode and a Si/D/Si/D anode.

2500 3000

Due to the superior cycling performance of the diamond-on-silicon anode, we con-
ducted cyclic voltammetry (CV) tests on both anodes, i.e., silicon and Si/D/Si/D films, to
understand their electrochemical performance. The results are shown in Figure 4.

The cathodic peak below 0.3 V is related to the formation of a series of amorphous
phases of LiSi. It is worth noting that during the first charge—discharge cycle, the reduction
peaks of the Si film at 0.22 V and 0.07 V are relatively unstable, as shown in Figure 4a.
This phenomenon may be attributed to the uneven charging and discharging caused by
different-sized amorphous silicon particles on the copper foil. Additionally, the reaction
peak (0.44 V) of lithium ions migrating from the silicon anode in the first, the second, and
the third scans of the Si film is inconsistent, indicating the poor reversibility of the reaction
in this sample [23,24].

On the other hand, for the Si/D/Si/D anode, Figure 4b shows that the characteristic
peaks of the sample do not change as much as those for the silicon anode with different
scans. The almost identical CV graphs of the three scans corresponding to the first three
cycles indicate good electrochemical stability and suggest uniform alloying and de-alloying
processes.
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Figure 4. CV curves of (a) Si anode and (b) Si/D/Si/D anode at a scan rate of 0.05 mV/s. Charge—
discharge curves of several cycle numbers for the (c) Si anode and (d) Si/D/Si/D anode.

We tested both electrodes using a battery charge-discharge system in a voltage window
between 0.01 V and 1.50 V and at a current density of 0.05 mA/cm?. The reversible
capacities of the Si anode and the Si/D/Si/D anode for the first cycle were 0.143 mAh/cm?
(3077 mAh/g (si)) and 0.140 mAh/cm? (2983 mAh/g (si)), respectively. In the first cycle,
more SEI layers were observed in the Si/D/Si/D film during the initial electrochemical
process. This is possibly due to the increase in the specific surface area of the rough
electrode surface caused by diamond nanoparticles, leading to more initial SEI formation.
However, the initial Coulombic efficiency of the Si/D/Si/D anode (75.1%) is comparable
to that of the silicon anode (76.4%), indicating that the Si/D/Si/D structure can provide
both a uniform and stable lithium ion transport path and a stable SEI film, avoiding the
entrapment of silicon-lithium alloys during the cycling process. The calculation of the
specific capacity is based on the weight of the silicon.

The Si/D/Si/D anode exhibits superior electrochemical reversibility and retains a
reversible capacity of 0.11 mAh/cm? (2356 mAh/g (si)) after 100 cycles, which is compared
t0 0.09 mAh/cm? (1938 mAh/ g (si)) for the silicon anode. After 200 cycles, the reversible
capacity of the Si/D/Si/D anode was still retained at 0.087 mAh/cm? (1862 mAh/g (si)),
with a Coulombic efficiency of 99%, as displayed in Figure 4d. In contrast, the silicon
anode shows a reversible capacity of 0.054 mAh/cm? (1159 mAh/g (si)) and a Coulombic
efficiency of 98.4%, as shown in Figure 4c. The multi-layer diamond-on-silicon anode has a
stable SEI and a uniform ion transportation, thus exhibiting better stability in long-term
cycling and a more stable Coulombic efficiency [25,26].

Figure 5a shows a poor cycling performance of the silicon anode and much better
cycling performance of the Si/D/Si/D anode. Diamond nanoparticles serve to spread out
the lithium ion current and improve the wettability of the silicon anode by the electrolyte,
resulting in reduced internal local stress due to non-uniform volume changes by the silicon—
lithium alloying and de-alloying processes. The much-improved physical integrity results
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in the desirable higher retention of the charge capacity. When the charge-discharge cycle is
maintained for two hundred cycles, the improvement in retention is more obvious.
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Figure 5. (a) Cycle performance of Si thin-film anode and Si/D/Si/D thin-film anode during the first
three cycles of charge and discharge at a current density of 0.02 mA /cm?, and for subsequent cycles
at a current density of 0.2 mA /cm?. (b) C-Rate performance of Si anode and Si/D/Si/D anode.

Figure 5b shows the C-Rate performance of the Si anode and Si/D/Si/D anode. We
gradually increased the test current from 0.05 mA/cm? to 0.5 mA /cm?. At this point, the
specific capacity of the Si/D/Si/D film was approximately 2000 mAh/g(si), while the
silicon anode retained about 1750 mAh/g(si). When the test current was reduced back to
0.05 mA /cm?, the specific capacity of the Si/D/Si/D anode was restored to 2500 mAh/g(si),
and the silicon anode’s specific capacity was approximately 2400 mAh/g(si). We further
increased the test current to 1.5 mA /cm? (15 C). Thanks to the uniform ion transportation
of the two-layer diamond-on-silicon anode, a specific capacity of about 1350 mAh/g(si)
at the equivalent of 15 C was retained. In contrast, the silicon anode only retained a
specific capacity of about 1000 mAh/g(si) using the same test current. The uneven charge—
discharge process led to structural damages, which degraded the anode performance in
the subsequent lower-current tests.

Furthermore, the effectiveness of the surface diamond nanoparticles in uniformly
dispersing the charge—discharge current while enhancing the strength of the SEI layer was
demonstrated. The diamond-on-silicon anode retained a specific capacity of 1600 mAh/g(si)
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after 10 charge—discharge cycles at 1 mA /cm? and 1400 mAh/ g(si) after 10 charge-discharge
cyclesat1.5mA/ cm?, both of which were much higher than that of the silicon anode [15,27].

Figure 6a,c show optical microscope surface images of a silicon anode after (a) 200 cy-
cles and (c) 80 cycles of C-rate testing. Figure 6b,d show optical microscope surface images
of the Si/D/Si/D anode after completing (b) 200 cycles and (d) 80 cycles of C-rate testing,
respectively. For the silicon anode, we observed that in some areas, the silicon film detached
from the copper current collector. The overall electrochemical reaction was uneven with
more silicon detachment on one side than the other of the electrode. The partial detachment
of the silicon film from the current collector was displayed.

cm cm

Figure 6. Optical microscope images of (a) Si anode and (b) Si/D/Si/D anode after 200 cycles. (c) Si
anode and (d) Si/D/Si/D anode after 80 C-rate testing cycles.

On the other hand, the overall electrode structure of the two-layer diamond-on-silicon
anode remained intact after cycling. This confirms that the diamond layers evenly disperse
the charge-discharge current, avoiding local excessive reactions, which could lead to local
stress and electrode polarization and fracture [27,28].

After a long-term cycling test, the anode surface was characterized using secondary
electron microscopy and EDS as shown in Figure 7, to observe changes in the microstruc-
ture, elemental composition, and cross-sectional thickness. The formation of separated
silicon islands was noted. They might be attributed to the plastic deformation of the copper
foil current collector. During cycling, the alloying and de-alloying induced volume changes
increased strain and led to the formation of islands with gaps between them. The delam-
ination of silicon from copper was observed. The formation of copper—silicon-lithium
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compounds (Cu,LiSi) during cycling might have weakened the adhesion of silicon to
copper, resulting in the delamination of silicon and the loss of electrical contact.
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Figure 7. SEM images of (a,b) the surface of Si anode after 200 cycles at different magnification, (c) a
cross-section of a Si anode; SEM images of (d,e) the surface of a Si/D/Si/D anode after 200 cycles at
different magnification, (f) a cross-section of a Si/D/Si/D anode; EDS analysis of (g) a silicon anode
and (h) a Si/D/Si/D anode after 200 cycles.

The surface of the silicon anode exhibited severe roughness and showed numerous
protrusions and deep holes in the anode after long-term cycling, indicating uneven reactions
in different areas of the anode. This unevenness could partially be attributed to the
irregularity of the copper surface or the deposition of uneven silicon films. Without the
diamond layer for spreading the lithium transport on the surface area, where a higher
lithium ion current density would lead to more alloying and thus a larger volume expansion,
non-even volume expansion causes localized stress, which results in cracks to form in the
silicon films and the exposure of fresh silicon for the formation of additional SEI layers.

Volume expansion and the build-up of SEI layers caused the anode thickness to
increase to nearly 3 um in some areas of the anode after 200 cycles of the charge—discharge
operation. Volume expansion is caused by continuous generation of additional solid
electrolyte interphase (SEI). Stress induced by uneven volume expansion might lead to the
loss of electrical contacts between the active silicon material and its electrical conductive
network. Additionally, the growth of SEI and the increase in the electrical resistance of the
anode hindered the rapid diffusion of Li ions and electron conduction, and even trapped
some Li irreversibly in the Si anode.

The surface of the silicon anode exhibited a higher phosphorus content than that of the
Si/D/Si/D anode. It might originate from phosphates (POx), which is the main component
of the SEI, or arise from side reactions between the silicon and electrolyte. The remaining
fluoride content likely originated from residual electrolyte trapped in the solid electrolyte
interphase.
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The two-layer diamond-on-silicon thin-film anode displayed a smoother surface and
far less of an increase in thickness after cycling than the silicon anode. A more stable solid
electrolyte interphase and lower polarization were achieved by the surface layer and the
interfacial layer diamond nanoparticles in a thin-film silicon anode for the lithium ion
battery [29,30].

X-ray Photoelectron Spectroscopy (XPS) analyses of the chemical composition of
both anodes are shown in Figure 8. The concentrations of silicon in the Si anode and the
Si/D/Si/D anode are approximately 1.7 and 1.2 atomic %, respectively. Further differences
exist in the carbon-to-oxygen ratios and fluorine concentrations. The 5i/D/Si/D anode
has a higher carbon-to-oxygen ratio of 1.14. Without diamond, the ratio is only 0.52. The
fluorine concentration in the 5i/D/Si/D anode is higher at 24.7 atomic %, compared to 14.6
atomic % for the silicon anode.
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Figure 8. XPS (a) C 1s spectra of Si anode and Si/D/Si/D anode; (b) Si 2p spectra of Si anode
and Si/D/Si/D anode, SiO; has two bands shown in red color; (¢) P 2p spectra of Si anode and
Si/D/Si/D anode; and (d) F 1s spectra of Si anode and Si/D/Si/D anode after 200 cycles of discharge
and charge operation.

These results indicate that the application of diamond nanoparticles in the Si/D/Si/D
anode affects the compositional contents of the solid electrolyte interphase (SEI), leading
to higher concentrations of carbon and fluorine. This also suggests a significant impact
of nano-diamonds (NDs) on the decomposition, regeneration, and build-up processes
of the SEI, potentially influencing the cycling performance and the stability of lithium-
ion batteries.

The carbon spectral results reveal that SEI components are located mainly near the
anode surface of the silicon anode after long-term cycling. This indicates the more rapid
consumption of the electrolyte.

The silicon spectra show that there is a stronger signal of silicon on the surface of
the silicon anode, indicating that the SEI layer cracks repetitively during the charge and
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discharge process, leading to the continuous exposure of fresh silicon surfaces, which
would cause the build-up of additional SEI.

After cycling, the characteristic value of the binding energy for the C 1s peak is
maximized at 284.8 eV, mainly corresponding to the C—C and C-H bonds, as shown in
Figure 8a. The second local maximum is at 289.7 eV, which is due to lithium carbonate and
different semi-organic lithium carbonate. These results demonstrate the presence of typical
SEI components such as (CH,OCO;Li),, CH30CO,Li, CH3OLji, and Li,COj3 in the alkyl
carbonate. The signal intensity is proportional to the degree of electrolyte decomposition.
For the Si/D/Si/D anode, the main signal shifts to 289.2 eV, which proves that the SEI
layer on this anode is thinner [29].

The Si 2p spectra in Figure 8b show signals with maxima at around 101 eV, which
corresponds to LixSiOy. It is the initial reaction product of lithium with SiO,. SiO, is present
in a higher concentration on the original anode. HF is a by-product of the decomposition
reaction of PFg- ions with trace amounts of water and FEC additives. It can be clearly seen
from reactions (1)—(3) that a large amount of Li;O and Li;SiO4 are formed [31]. For the
silicon anode, we observed a shoulder peak at 105 eV, corresponding to fluorinated silicon
suboxide (SiOxFy) [31,32].

SiO, +4Li — Si + 2Li,O 1)
2S5i0, + 4Li — Si + LisSiOy )
SiOz + HF — SiOXFy + HzO (3)

The P2p spectrum in Figure 8c shows a binding energy of 134.0 eV, proving that
mainly phosphates and fluorine-substituted phosphates are present. The presence of FEC
leads to the hydrolyzing of a large amount of LiPFg into (fluorinated) phosphates, which
are integrated into the inorganic part of the SEIL. The general reaction path for phosphate
formation has been described in the literature [32]. Therefore, more water is generated in
the Si/D/Si/D anode. This is probably due to the reaction of silicon and Li,O with HF.
Similar results were reported by Elazari et al. [33]. Hydrolysis is considered the main factor
for the irreversible capacity loss in LIBs, but it appears to have a positive effect on the
electrochemical performance. This behavior is consistent with the report by Dalavi et al.,
who observed a positive effect on the electrochemical performance when decomposed
LiPF4 was included in the SEI [34].

The F 1s spectra of both anodes shown in Figure 8d are composed of low-intensity
signals at 687.7 eV and a significant signal at 685.5 eV. These are from trace amounts of
LiPFs, LixPOyF,, and LiF. The phosphorus species can be confirmed by the P 2p spectrum
(see Figure 8c). The signal at 137.5 eV indicates trace amounts of conductive salts, while the
signal at 134.5 eV points to partially fluorinated phosphates. The presence of fluorinated
phosphates after cycling in conventional carbonate electrolytes as parts of the SEI was
reported [32,35].

Figure S1 shows that the crystalline diamond nanoparticles of 3.6 nm adhering on
the surface of a silicon thin film improves its hydrophilicity for the uniform wetting of the
anode by the electrolyte. Uniform SEI growth on the electrode and the current spreading
effects of diamond nanoparticles, due to the slow diffusion of lithium through diamond, are
attributed to the prevention of excessive internal stress due to uneven volume expansion
across the anode and a smaller increase in anode thickness after 200 cycles of charge—
discharge operation. The damages to the anode with diamond nanoparticles are thus
reduced and the much better cycling life time and capacity retention are achieved by the
Si/D/Si/D anode in comparison with the pure silicon anode. This is further confirmed by
the significantly smaller electrochemical impedance enabled by diamond nanoparticles,
as shown in Figure 52 and Table S1. Cycling performance of additional silicon—diamond
structures are presented in Figure S3.
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4. Conclusions

We have discovered that the surface and interfacial layers of single-crystal diamond
nanoparticles significantly improve the performance of thin-film silicon-based anodes for
lithium-ion batteries. Diamond nanoparticles of 3.6 nm-sized crystals adhere to silicon
thin films in the ambient environments without needing vacuum-based diamond CVD
processes. The double-layer Si/D/Si/D anode exhibits the uniform alloying of the silicon
with lithium and the formation of SEI on the surface, reducing the internal stress and
preventing the anode from fracture and pulverization. It results in the desired physical
integrity of the anode, including a more stable SEI layer. Significant improvements in the
electrochemical stability and reversible capacity retention under high-rate and long-term
cycling conditions were demonstrated in comparison with the thin-film silicon anode
without diamond additives. The X-ray photoelectron spectroscopy (XPS) analysis reveals
that the addition of crystalline nano-diamonds (NDs) leads to the composition of the SEI
to contain more carbon and fluorine. This indicates that crystalline nano-diamonds (NDs)
play important roles in the decomposition and regeneration processes of the SEI. A facile
process of adhering crystalline diamond nanoparticles on thin-film silicon surfaces as an
anode material with significantly improved cycling performance for lithium-ion batteries
has been reported.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries10090321/s1, Figure S1: Water on anode surface for comparison
in hydrophilicity of Si thin-film anode and Si/D/Si/D thin-film anode [36]; Figure S2: Electro-
chemical impedance spectra of Si thin-film anode and Si/D/Si/D thin-film anode after the 200th
electrochemical cycling: (a) typical Nyquist plot; (b) the equivalent circuit used to fit impedance data.
R1 is the cell internal resistance. R2 is the charge transfer resistance. CPE is the double-layer pseudo-
capacity. Warburg Element is the solid-state diffusion element [37]; Figure S3: Cycling performance
of Si, Si/D/Si, Si/D/Si/D, and Si/D/Si/D/Si/D thin-film anode under test current 0.05 mA /cm?.
Table S1: Parameter values of equivalent circuits based on EIS spectra of anodes of Si thin film and
Si/D/Si/D thin film after 200 cycles of charge—discharge.
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Abstract: Using first-principles density functional theory (DFT) calculations and ab initio molec-
ular dynamics (AIMD) simulations, we performed this study on the phase stability, the intrinsic
redox stability, and the Li* conductivity of LijgGexMo;_xP»S12 (x = 0~1) superionic conductors.
Molybdenum (Mo) is expected to replace expensive germanium (Ge) to lower tmaterial costs, reduce
sensitivity to ambient water and oxygen, and achieve acceptable Li* conductivity. The ab initio
first principle molecular dynamics simulations show that room-temperature Li* conductivity is
1.12 mS-em ! for the LijoGep.75M00.25P2512 compound, which is comparable to the theoretical value
of 6.81 mS-cm ™! and the experimental measured one of 12 mS-cm~! of the LijgGeP»S1, (LGPS)
structure. For LijgGexMoj_«P»S1 (x =0, 0.25, 0.5 and 1) compounds, the density of states and the
projection fractional wave state density were calculated. It was found that when Ge atoms were
partially replaced by Mo atoms, the band gap remained unchanged at 2.5 eV, but deep level defects
appeared in Mo-substituted compounds. Fortunately, this deep level defect is difficult to ionize at
room temperature, so it has no effect on the electronic conductivity of Mo substitute compounds,
making Mo substitution a suitable solution for electrolyte materials. The projection fractional wave
state density calculation shows that the covalent bond between Mo and S is stronger than that
between Ge and S, which reduces the sensitivity of Mo-substituted compounds to water and oxygen
contents in the air. In addition, the partial state density coincidence curve between Li and S elements
disappears in the 25% Mo-substituted compound with energies of 4-5 eV, indicating that the Li,S
by-product is decreased.

Keywords: first principles; ab initio molecular dynamics; superionic conductors; solid electrolytes;
lithium-ion battery

1. Introduction

Lithium-ion batteries (LIBs) have experienced rapid development in the past decade
and are widely used in various fields such as medicine, aerospace, and power storage [1].
More stringent criteria for electrolyte materials have been put in place due to the ongoing
push for high performance lithium-ion batteries [2]. The highest Li* conductivity ever
recorded has been found in the LijgGeP,S;» (LGPS) superionic conductor among solid
lithium electrolytes, which has the conductivity of 12 mS-cm ™! at room temperature [3-6].

Despite its cutting-edge Li* conductivity and high electrochemical performance, the
use of LGPS as a solid electrolyte material is still hindered by three significant issues. First,
there is the practical problem of using highly expensive and scarce germanium in LGPS,
which would prevent the widespread usage of the substance. Second, the air and moisture
sensitivity of sulfide-based compounds can make their manufacture and application more
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expensive. Third, lithium metal is too prone to chemically react with sulfur elements in
LGPS through reduction reactions and generate LiyS by-products [7].

Researchers have developed a number of strategies to improve the air/water stability
of LGPS, including isovalent cation substitutions of Ge?*t by Si and Sn and aliovalent
cation substitutions by Al [8]. These substituting strategies mainly involve substituting
with elements of the same group as Ge or elements adjacent to Ge in the periodic table.
However, these elements are hard acids, which is hard to bond with the soft base of S.
According to Hard and Soft Acid and Bases (HSAB) theory [9,10], hard acids and bases
generally have smaller radii and polarizabilities than soft acids and bases. Hard acids and
hard bases are preferentially bound mainly by coulomb forces, while soft acids and soft
bases are preferentially bound mainly by covalent bonds. To date, the use of soft acids as
substituting elements has not been reported in the literature. Soft acids are substances that
can easily accept electron pairs, usually with high polarizability and easily deformable
electron orbitals, but have a weak polarization to distort the electron cloud of other atoms
or ions. Soft acids include a series of metal ions such as Cu*, Cu?*, Ag*, Cd?**, Hg?*, Au™,
AU, P2, Pd?*, Mo?*, and Mo**, etc. The softer acid Mo** was specially chosen in this
work because isovalent cation substitution is expected to have a small effect on the phase
stability, electrochemical stability, and lithium-ion diffusivity as for LGPS. Based on HSAB
theory, S is a softer base than O and prefers to bind with soft acids such as Mo?* and Mo**.
Therefore, Mo-element substitution in LGPS could not only reduce the material cost but
also effectively mitigate the erosion of O in the air, thus helping to maintain the good
electrochemical properties of superionic conductors.

In this work, we investigate the phase stability, intrinsic redox stability, and Li*
conductivity of LijgGexMo1_4P2517 (x = 0~1) superionic conductors using first principle
calculations. Our aim was to search for an effective element substitution with a similar
structural makeup to LGPS, which can strike a better balance between electrochemical
performance, cost, and other features.

2. Computational Details

The Vienna Ab initio Simulation Package (VASP) and the projector augmented-wave
(PAW) method were used for all calculations in this work. Considering the accuracy and
computational cost of different requirements in this paper, we have carefully chosen the
suitable functionals and methods for each technique as listed in the following sections.

2.1. Modeling and Structure Optimization

Due to the co-occupation of the Li#1-4, Ge#1, and P#1 atoms in the LijoGeP>51
(LGPS) structure, it is difficult to conduct simulation calculations. Hence, it was a heavy
task to convert a co-occupancy model to full occupancy ones. Eventually, sixty-one full
occupancy LiyGepP4Sys models were constructed to identify which atoms fit in which
spots. Similarly, sixty-one full occupancy Lip)Mo,P4S,4 models were constructed. The PBE
generalized-gradient approximation (GGA) functional was employed by DFT calculations
to find out the lowest energy of various LiygGe;P4Sp4 and LipgMoyP4Sp4 models to obtain
optimized relaxation structures. Structure substitution models for the partial substitution
of Mo, namely the LizgGeMoP;S,4 model and the LiygGesMoPgS,g supercell model, were
implemented on the LipgGeyP4Sys model with the lowest energy structure. After Mo
substitution, optimal relaxation structures were still obtained using the DFT calculation.

2.2. Binding Energy

When we design a new material through element substitution, the first thing we need
to do is to determine whether the material is stable, which is a very key link in the field of
material design.

Binding energy refers to the energy released by atoms from their free state to form
compounds. For a simple binary compound A,,B, (where A and B are the two elements
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contained in the compound, and m and n are the number of corresponding atoms in the
chemical formula), its binding energy can be calculated according to the following formula:
E(A;B,) —m x E(A) —n x E(B)

By = m-+n @

where E(A;,B,,) is the ground-state energy of A;;B,, and E(A) and E(B) are the energies of
free atoms A and B, respectively. All of these energies are calculated in units of eV (electron
volts). The more negative the value of E;, the more stable it is.

In this paper, the PBE generalized-gradient approximation (GGA) functional was em-
ployed by DFT calculations to evaluate ground-state energies of various LijgGexMoj _xP2S1»
(x = 0~1) models and free energies of Li, Ge, Mo, P, and S single atoms.

2.3. Intrinsic Redox Stability

By figuring out the material’s band gap, we evaluated the LijgGexMoj_4P»512 (x =0~1)
solid electrolyte’s inherent stability with regard to inert electrodes. Due to the substantial
underestimation of band gaps by standard semi-local DFT, the density of states (DOS)
of LijpGexMo1_xP»51» (x = 0~1) compounds were calculated using the Heyd-Scuseria—
Ernzerhof (HSE06) screened hybrid functional [11], which has been tested to give relatively
accurate band gaps for a wide range of materials [12,13].

Non-spin-polarized calculations were carried out since LijgGexMoj_yP>S12 com-
pounds do not contain 3D transition metal ions (V to Ni) or other atoms with f-shell
outer electrons. The bandgap is not a precise indicator of the electrochemical stability on
inert electrodes because it is unknown how it aligns to an external reference potential.
However, it might be viewed as the upper limit of the electrochemical window [14].

2.4. Lithium-Ilon Transport Capabilities

Using ab initio molecular dynamics (AIMD) simulations, we evaluated the Li* dif-
fusivity and conductivity in LijgGexMoj_4P3S12 (x = 0~1) compounds. The Brillouin
zone was precisely integrated in the reciprocal space using the y-point scheme with
3 x 3 x 2 k-meshes. The generalized gradient approximation (GGA) parametrized by
Perdew, Burke, and Ernzerhof (PBE) was employed for the exchange—correlation func-
tional, and the PBE configured projected-augmented wave (PAW) method was applied to
describe interactions among core electrons. Plane wave basis functions for the Kohn—Sham
equation were reduced to an energy cutoff of 259 eV to keep the computing cost at a
manageable level. All calculations were performed using a non-spin-polarized. The Verlet
algorithm was employed in VASP to integrate Newton’s equation. The molecular dynamics
time step was set as 2 fs. The AIMD simulations were performed as follows:

1. The LijnGexMoq_xP»S12 (x = 0~1) samples are assigned an initial temperature of 100 K
based on a Boltzmann distribution at the start of the MD simulations.

2. The samples are then heated to the required temperature (600 to 1200 K) by velocity
scaling over 1000 time steps (2 ps) in the NVT ensemble with a constant volume and a
Nosé-Hoover thermostat, and then equilibrated at the equilibrium temperature for
5000 time steps (10 ps) in the NVT ensemble with a constant volume and a Nosé-
Hoover thermostat.

3. The MD simulations for diffusion are then run in the NVT ensemble for 40 ps to 100 ps
until the diffusion coefficient converges.

To get the diffusion coefficient D, the mean square displacements are utilized over time:

D= ﬁ<[r(t)]2> @
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where d equals 3, the dimension of the lattice in which diffusion occurs. The ¢ refers to time,

counted in unit of fs. The average mean square displacement <[r(t)]2> was determined

as follows:
< > NZ<[ i(t+to) ] - [7’i(t0)]2> 3)

where 7;(t) represents the displacement of the i-th Li ion at time t. The calculated dis-
placement r;(t) represents the displacement of a single Li atom, calculated in the unit of A.
The diffusion coefficient D is determined in A2-fs~! and can be converted to cm?-s~! by a
multiple of 10~ 1.
The Nernst-Einstein relation was used to calculate the Li ionic conductivity ¢ in units

of mS-cm~1.
pZ2F? A

RT @)
1

oc=D

where D is the diffusion coefficient of Li ions in units of cm?-s~1 in a unit cell. The 0, Z,F,
R, and T are the molar density in units of mol/L, the mean valence electronic charge of a Li
ion (dimensionless), the Faraday constant in units of KJ/(V-mol), the gas constant in units
of ] /(mol-K), and the absolute temperature, respectively.

The Arrhenius equation was used to calculate the average diffusion activation energy
of lithium ion E, in units of eV.

o= A-exp(—llz,) ®)

where ¢ is the Li ionic conductivity. A represents predigital factor. E,, k, and T are the
average diffusion activation energy of lithium ion, the Boltzmann constant in units of eV /K,
and the absolute temperature, respectively.

3. Results and Discussion
3.1. Relaxed Structural and Parameters

The optimal relaxation structures of the LijgGexMoj_«P2S12 (x = 0~1) models are
shown in Figure 1, in which Figure 1a—d correspond to the LixgGezP4Sp4, LingGeMoP4Sy4,
LiggGezMoPgSyg, and LixgMoyP4Sy4 structures, respectively. The changes in lattice parame-
ters after Mo substitution are shown in Table 1. For comparison, for the LisgGe3MoPgSsg
model, both the c-axis lattice parameter and the cell volume are divided by 2.

® Li
© Ge
® Mo
@ P

(0 (d

Figure 1. The optimal relaxation structures of LijgGexMoj_xP»S1p (x = 0~1) models. (a) LipgGepP4So4,
(b) LizoGeMOP4524, (C) Li40Ge3MOP8548, and (d) Li20M02P4824.
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Table 1. The lattice parameters of relaxed LijgGexMoj_P»>S17 (x = 0~1) models.

Li20G82P4824 Li40GE3MOPgs48 LingeMoP4S24 Li20M02P4824

a(A) 8.6025 8.5905 8.5899 8.7922
b (A) 8.6489 8.6606 8.6735 8.6187
c (A) 12.8824 12.9232 129114 12.5916
o 89.1560 89.0088 88.9790 90.9771
B 90.2020 90.2727 90.3518 90.5599
04 89.2361 89.1494 89.1528 89.6798
V (A3) 958.2773 961.2006 961.6789 953.9658

3.2. Phase Stability

The binding energies of Lij0GexMoj _P»512 (x = 0~1) compounds are shown in Table 2.
It shows that when the amount of Mo substitution grows, the binding energy becomes
more and more negative, indicating improved phase stability.

Table 2. The binding energies of LijgGexMo;_4P»S15 (x = 0~1) compounds.

Li20G82P4824 Li40GE3MOP8843 LingeMOP4524 Li20M02P4524
binding energy (eV) —4.29 —4.34 —4.39 —4.50

3.3. Bandgaps and Intrinsic Redox Stability

We estimated the density of states (DOS) of all LijgGexMoj_yP»S15 (x = 0~1) com-
pounds using the HSE screened hybrid functional (HSE06) to analyze the intrinsic redox
stability of the various LijgGexMoj_xP2512 (x = 0~1) compounds. The calculated DOS for
LijnGexMo1_xP»S17 (x = 0~1) compounds are shown in Figure 2. Figure 2 indicates that
bandgaps remain unchanged as Ge atoms are partially substituted by Mo, but the defect
state energy level appears in Mo-substituted compounds. These defect state energy levels
are located in the center of the forbidden band, far from the bottom of the conduction band
or the top of the valence band, which belong to deep level defects. They are difficult to
ionize at room temperature and do not affect the electronic conductivity of Mo-substituted
compounds.

In LijgGexMoq_P2517 (x = 0.5 and 0.75) crystal structures, the Mo atoms are adjacent
to S atoms. The degree of coincidence of DOS between Mo and S elements near bandgaps
at an energy of 1-2 eV are higher than that between Ge and S elements, indicating stronger
binding forces between Mo and S elements, which is in accordance with the HSAB the-
ory [15,16]. It can be seen from the projected DOS in the inset of Figure 2b at an energy of
1-2 eV that the binding energy between Mo and S is mainly contributed by the d orbital of
Mo and the p orbital of S. Furthermore, it is noteworthy that for the Li;gGexMoj_P>512
(x = 0.75) compound, the coincidence curve of the partial wave state density between Li
and S elements disappears when reaching an energy of 4~5 eV, indicating a decreased
probability of forming LiS decomposition products of this compound.

The DOS results predict that the bandgap of LijgGeP,Si, is about 2.5 eV, which
would be sufficient for preventing electrical conduction. It suggests that the observed
electrochemical window of >5 V for this material is likely the result of a passivation
phenomenon, where either LiyS or P,S5 is formed as a decomposition product [8]. As
can be seen from Figure 2, the positions of the conduction band and the valence band
of the Mo-substituted compounds shift down. This leads to an increase in the reduction
potential of the compound and a decrease in the oxidation potential, which usually means
that these electrolytes remain stable over a wider potential range, thereby improving the
electrochemical stability of these electrolytes.

For 0.25 and 0.5 Mo-substituted compounds, bandgaps maintain unchanged except
that medium-depth deep-level defects are induced. Generally, the ionization energy of
medium-depth deep-level defects is usually between 0.1 eV and 0.5 eV. This energy range
is sufficient to make the defect resistant to ionization at room temperature but can be
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significantly ionized at higher temperatures, such as 100 °C to 300 °C. Obviously, even for
batteries at elevated temperatures, which is far less than 100 °C, medium-depth deep-level
defects in Mo-substituted compounds would have no impact on electronic conductivities of
batteries. By contrast, in the case of the compound with complete Mo-substitution, there is
an obvious contraction of the bandgap to 2.0 eV around. Generally speaking, this bandgap
is big enough not to become a potential leakage channel.
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Figure 2. The calculated DOS for LijgGexMo1_«P>S12 (x = 0~1) compounds. (a) LixgGeyP4So4,
(b) LiggGesMoPgSys, (c) LipgGeMoP4Sy4, and (d) LipgpMoyP4S,4. In all plots, the Fermi level is set
to 0 eV and is marked by the dashed line. Inset of b is the projected DOS of the LiygGe3;MoPgS,g
Compound.

3.4. Li* Diffusivity and Conductivity

Li ionic diffusion coefficients in LijgGexMo; _«P3S15 (x = 0~1) crystal structures were
determined by random walk theory and AIMD simulations as a function of T (=600, 800,
1000, and 1200 K) by vaspkit software 1.3.5 [17], as shown in Figure 3. The lithium-ion
diffusion coefficients at room temperature (300 K) were calculated by the linear fitting
extrapolation method in Figure 3.

The conductivities and diffusion activation energies of lithium ions were determined
by the Nernst equation (See Equation (4)) and Arrhenius equation (See Equation (5)), respec-
tively. The calculated Li ionic diffusion coefficients, conductivities, and diffusion activation
energies of lithium ion in LijgGexMo;_«P2S12 (x = 0~1) crystal structures are listed in
Table 3. It demonstrates that when Ge is replaced by 25% Mo, lithium-ion conductivity
still maintains 1.12 mS-cm~!, which is in the same order of magnitude as the theoretical
predicted value of 6.81 mS-cm ™! in the LGPS structure (the experimental measured value
is 12 mS-cm™~!). The value of 6.81 mS-cm~! is very similar to the calculated 6.43 mS-cm~!
in the recent reference [18]. As a result, appropriate Mo substitution can significantly cut
raw material costs while just marginally lowering material conductivity.
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Figure 3. The Li ionic diffusion coefficients in LijgGexMoj_xP»S15 (x = 0~1) crystal structures. The
filled black square corresponds to the linearly extrapolated (dashed line) conductivity at 300 K from
high-temperature conductivity.

Table 3. The calculated Li ionic diffusion coefficient, conductivity, and diffusion activation energy of
lithium ion in LijgGexMoj_«P»S15 (x = 0~1) crystal structures.

Li Ionic Diffusion Conductivities Diffusion Activation
Coefficients of Lithium Ions Energies of Lithium Ions
(cm?-s~1) (mS-cm—1) (eV)
LizgGesP4Sos 526 x 1078 6.81 0.23
Li40C1€3MOP8848 8.66 x 10_9 1.12 0.37
LirgGeMoP,So, 7.13 x 1077 0.92 0.39
LisoM0oP4S04 6.65 x 10710 0.09 0.53

The calculated activation energy of Li* diffusion for totally Mo-substituted LiyyMopP4S)4
(LMPS) of 0.53 eV is much greater than the 0.23 eV of LGPS, which fits in well with
the literature [3,19-21], indicating a much higher diffusion barrier. As a result, the Li*
conductivity at 300 K is only 0.09 mS-cm ! for LMPS, which is two orders of magnitude
lower than LGPS. For compounds with 0.25 and 0.5 Mo substitutes for Ge, calculated
activation energies of Li* diffusion are between the values of LGPS and LMPS, indicating
moderate diffusion barriers.

In fact, for compounds with 0.25 and 0.5 Mo substitutes for Ge, the diffusion of lithium
ions remains in the 1D channel along the c-axis, supplemented by a-b plane diffusion
pathways [20] because the crystal structure of these compounds does not change compared
with LGPS. For these two compounds, their cell volumes are slightly increased, as shown in
Table 1, which is favorable for the diffusion of lithium ions as indicated by the literature [8].
However, the diffusion channel of Li ions in these crystals may gradually shrink by an
increased amount of Mo due to a higher atomic radius of Mo than Ge. There is an obvious
contraction in the cell volume for the compound that Ge is completely replaced by Mo as
shown in Table 1, which would lead to a severely constricted lithium-ion diffusion channel
and an enormous decrease in the conductivity of lithium ions as indicated in Table 3.

3.5. Discussion

By executing Mo substitutions to create LijgGexMoj_«P2S12 (x = 0~1) compounds, we
investigated the characteristics that influence structural, phase, and redox stability and Li
ionic diffusivity.
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For 0.25 and 0.5 Mo-substituted compounds, their cell volumes are slightly increased
while crystal structures remain unchanged. In contrast, there is a distinct contraction in the
cell volume for the compound with 100% Mo-substitution.

Our calculation demonstrates that as the content of Mo substitution grows in LijgGey
Mo1_P3512 (x = 0~1) compounds, the binding energy becomes increasingly negative,
indicating increased phase stability.

In terms of redox stability, the calculated DOS suggests that the redox stability remains
unchanged for LijgGexMoj_«P»S512 (x = 0.5 and 0.75) compounds. The shift down of calcu-
lated conduction bands and valence bands indicates an increase in the reduction potential
of the compound and a decrease in the oxidation potential, which means a larger stable
electrochemical window. However, when reaching complete Mo-substitution, the bandgap
starts to contract, indicating a decline in the inherent redox stability of the compound.

Additionally, the coincidence curve of the partial wave state density between the
Li and S elements vanishes at an energy of 4~5 eV for the 0.25 Mo-substituted com-
pound, indicating the decreased probability of forming the Li,S decomposition product of
this compound.

The LMPS compound has a two-orders-of-magnitude lower diffusivity than the LGPS
compound, which makes it significantly less interesting than LGPS. This decrease in
diffusivity in the LMPS compound is most likely due to the significantly reduced cell
volume. The calculated activation energy of Li* diffusion for LMPS of 0.53 eV is also
significantly higher than 0.23 eV of LGPS.

By contrast, Lij0Geg5sMog 5P2512 and LijgGeg 75Mog 25P2512 compounds have slightly
increased cell volume. Hence, higher conductivities of lithium ions are anticipated in
these two compounds, which are also projected to lower the cost of raw materials. Our
calculation shows that the preferred substitution rate for Ge by Mo is less than 25%. At this
rate, lithium-ion conductivity remains at 1.12 mS-cm ™!, which is worthy of comparison
with the calculated value of 6.81 mS-cm ™! of the LGPS structure. The activation energy of
the compound is also only 0.14 eV higher than that of LGPS.

In general, for the solid-state synthesis of LGPS, the synthetic raw materials are Li,S,
P,Ss, and GeS,. When partial Mo substitution for Ge is adopted, it is relatively easy in
synthesis as long as the stoichiometric ratio is well controlled and part of the GeS, in the raw
materials is replaced by MoS;. Only by reducing the cost of materials and improving the
chemical stability and electrochemical stability of materials, can the large-scale application
of new materials be achieved.

4. Conclusions

The necessity to address three key constraints of the LGPS superionic conductor,
namely the expensive cost of germanium, the air and moisture sensitivity of a sulfide-based
chemistry, and the reduction reaction tendency of lithium metal with sulfur elements, have
spurred our exploration of Mo-substituted LijgGexMoq_P»517 (x = 0~1) compounds.

Our calculations show that the substitution of 0.25 Mo for Ge is the optimal choice
for compounds with this structure, which not only lowers the material cost by adding
an appropriate amount of Mo but also reduces the sensitivity of the compound to water
and oxygen in the air by improving the binding force between Mo and S, with improved
electrochemical stability and suppressed LiyS by-products. But all of these are at the expense
of a slightly decreased conductivity of lithium ions at 1.12 mS-cm ™! for this compound,
which is comparable to the predicted value of 6.81 mS-cm ™! for the LGPS structure.

The calculated DOS show that bandgaps remain unchanged as Ge atom are partially
substituted by Mo, however, the deep defect state energy level appears in these compounds.
Fortunately, it is difficult to ionize at ambient temperature and make no impact on their
electronic conductivities. The shift down of the conduction band and valence band of the
partially Mo-substituted compounds leads to an increase in the reduction potential of the
compound and a decrease in the oxidation potential, suggesting a wider potential range
and an improved electrochemical stability of compounds.
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In conclusion, we believe that replacing Ge with an appropriate Mo atom is an effective
strategy to lower material cost and improve chemical stability and electrochemical stability.
It is worth noting that the first-principles simulation can only give a theoretical guide, and
exactly suitable Mo doping or substitution amounts need to be verified by subsequent
experiments. However, theoretical simulations have demonstrated the feasibility of Mo
substituting Ge in synthesis and large-scale applications.
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Abstract: LiFePO, (LFP) cathodes are popular due to their safety and cyclic performance, despite
limitations in lithium-ion diffusion and conductivity. These can be improved with carbon coating,
but further advancements are possible despite commercial success. In this study, we modified the
carbon coating layer using sulfur to enhance the electronic conductivity and stabilize the carbon
surface layer via two methods: 1-step and 2-step processes. In the 1-step process, sulfur powder
was mixed with cellulose followed by heat treatment to form a coating layer; in the 2-step process,
an additional coating layer was applied on top of the carbon coating layer. Electrochemical mea-
surements demonstrated that the 1-step sulfur-modified LFP significantly improved the discharge
capacity (~152 mAh- g_1 at 0.5 C rate) and rate capability compared to pristine LFP. Raman analyses
indicated that sulfur mixed with a carbon source increases the graphitization of the carbon layer.
Although the 2-step sulfur modification did not exceed the 1-step process in enhancing rate capability,
it improved the storage characteristics of LFP at high temperatures. The residual sulfur elements
apparently protected the surface. These findings confirm that sulfur modification of the carbon layer
is effective for improving LFP cathode properties, offering a promising approach to enhance the
performance and stability of LFP-based lithium-ion batteries.

Keywords: surface modification; cathode; coating; lithium battery; LiFePOy,

1. Introduction

The increasing popularity of electric vehicles (EVs) has significantly driven the demand
for large-scale lithium-ion batteries (LIBs), fueling the LIB industry. Among the cathodes
employed in EV applications, the LiNixCoyMn,O, (NCM) series are popular owing to
their high energy density and excellent rate capability, which support superior acceleration
and extended driving ranges [1-8]. However, the recent interest in lithium iron phosphate
(LiFePOy, LFP) cathodes has surged owing to heightened price competition in the EV
market and the unstable supply chains for transition metals such as cobalt (Co) and nickel
(Ni) [9-13]. LFP cathodes, leveraging the low-cost and abundant iron (Fe), offer several
compelling advantages. The stable phase of the material, derived from the robust P-O
covalent bond in (PO4)* polyanion, ensures superior cyclic performance and enhanced
safety compared to NCM-based cathodes, making LFP a promising alternative, particularly
for cost-effective and reliable solutions amidst fluctuating raw material markets. However,
the low lithium-ion diffusion coefficient, ranging only from 10~'% to 10716 cm?-s~!, coupled
with a poor electronic conductivity of 1077 S-em~! or lower, significantly hinders the rate
capability of LFP [14-17], which hinders its applicability.

Forming a carbon coating layer on the surface of LFP is effective for improving its
deficient rate capability because it can reduce the Li-ion diffusion length to within a particle
and facilitate electron transfer [18-22]. Various organic materials such as citric acid, glucose,
and polyethylene glycol have been utilized as carbon sources, and sometimes materials such
as carbon black or graphene have been directly complexed with the cathode [16-22]. The
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commercial success of LFP is largely attributed to the enhanced rate capability due to the
carbon coating. However, continuing efforts have been made to modify the carbon to form
a more effective carbon layer. Nitrogen doping of carbon to form a more effective electron-
transfer carbon coating layer has been used to improve the electrochemical performance
of LFPs [23-25]. Additionally, F-doped carbon has been utilized to create better carbon
coating layers [26]. Metal oxide coatings on LFP have also been explored, occasionally
combined with carbon coatings [27-32].

In this study, we extended these prior efforts by modifying the carbon coating layer
with sulfur. Sulfur has been previously employed to enhance the properties of LFP cathodes
focusing on doping these cathodes using lithium sulfide and benzyl disulfide via sol-gel
methods [33,34]. However, our study focuses on the modification of the carbon coating
layer using sulfur, employing two novel methods. In the first method, sulfur powder is
mixed with cellulose, a carbon source, to form a coating layer, referred to as the 1-step
process. In this approach, sulfur is used as an additive to improve the properties of the
carbon during its formation, while most of the sulfur is expected to evaporate during the
heat treatment process; however, a small amount of the remaining sulfur acts as a dopant
of LFP. In the second method, referred to as the 2-step process, a carbon coating layer is
first formed using cellulose. Subsequently, an additional coating layer is applied in the gas
phase using sulfur vapor sublimated from a sulfur source. This approach is anticipated
to yield a significantly thin and uniform sulfur layer on top of the carbon coating layer.
The additional sulfur-related coating is expected to mitigate the side reactions between the
carbon layer and the electrolyte, particularly under high-temperature conditions. To the
best of our knowledge, these methods have not been explored thus far. These innovative
sulfur-related modifications aim to enhance the electrochemical performance of LFP by
improving its rate capability and controlling the side reactions, thereby contributing to
the development of more efficient and durable LIBs. To determine the effectiveness of
our two approaches for carbon modification using sulfur, the electrochemical properties
of pristine LFP (with a carbon coating layer) and sulfur-modified carbon-coated LFP
were compared and analyzed using various tools such as Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and time-of-
flight secondary ion mass spectrometry (TOF-SIMS).

2. Materials and Methods

In this study, LFP was synthesized using a FePO, precursor provided by Ecopro
BM, and mixed with Li,COj3 (99.9%, Aldrich, St. Louis, MI, USA) and 5 wt.% cellulose
(20 pm, Aldrich) to form a carbon coating layer during cathode synthesis. The precursor
and Li;CO3; were combined in a molar ratio of 1:1.05. This mixture was then subjected
to a milling process using a planetary mono mill (Pulverisette 6, Fritsch, Idar-Oberstein,
Germany) at 300 rpm for 3 h with 15 min intervals and a 10 min rest to prevent overheating.
The milled mixture was sieved through a 300-mesh sieve. For the 1-step sulfur modification,
sulfur (99.998%, Aldrich) was added to the mixed powder in varying amounts (1500, 2000,
and 2500 ppm by weight of mixed powder). The mixture was then heat-treated in two
stages: first, at 350 °C for 2 h, followed by 700 °C for 6 h under an Ar flow rate of 2 °C/min.
This resulted in a 1-step sulfur-modified LFP, while the mixture without the sulfur was the
pristine LFP (carbon-coated). A control LFP sample without any carbon coating was also
prepared using the same process but without cellulose and sulfur. For the 2-step sulfur
modification, pristine LFP was mixed with sulfur (250, 500, 750 ppm by weight of pristine
LFP) using a mixer grinder at 30 Hz for 3 min. This mixture was then heat-treated at
300 °C for 4 h in a closed tube under an Ar atmosphere.

The surface morphology after heat treatment was observed using TEM (JEM-2100F,
Cs corrector, Japan). The carbon structure was analyzed with a high-resolution Raman
spectrometer (Jobin Yvon, LabRam HR Evolution, Japan) to observe the intensity ratio of
the disorder peak (D-band at 1342.8 cm ') and the graphitic peak (G band at 1590.7 cm™1).
XPS (K-Alpha+) was utilized to investigate the carbon/sulfur bonds, and the spectra were
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analyzed using the Avantage Data System and calibrated with the C-S peak in the S 2p
intervals. A TOF-SIMS (TOF-SIMS-5, Bi'*) analysis was also conducted to identify the ionic
species. The crystal structures of the differently prepared LFP samples were analyzed via
X-ray diffraction (XRD, D8 Discover, Bruker, Billerica, MA, USA).

For the electrochemical testing, a homogeneous slurry was prepared by combining
the active cathode material, carbon nanotube (CNTs), Super-P, and polyvinylidene fluoride
(PVDF) at a precise weight ratio of 80:10:5:5, utilizing anhydrous N-methyl-2-pyrrolidone
(NMP, Aldrich) as the solvent. The resulting slurry was uniformly cast onto aluminum
foil, serving as the current collector, and subsequently dried under vacuum conditions
at 80 °C for 24 h. The electrochemical performance was evaluated using 2032 coin-type
cells, which were assembled with a Li metal anode, a polypropylene (Celgard 2400, USA)
separator, and the prepared cathode. For cell testing at the standard conditions of 30 °C,
1M LiPF4 dissolved in EC/DMC (1:1 vol%, Enchem Co., Ltd., Chungbuk, Republic of
Korea) was used, while for elevated-temperature testing at 45 °C, 1M LiPF; in EC/EMC
(3:7 vol%, Enchem Co., Ltd.) was utilized. The cells underwent cycling over a voltage range
of 2.5-4.2 V at various C rates (0.05, 0.1, 0.3, 0.5, and 1.0 C), with 1 C defined as 150 mA~g_1,
using a Won A Tech voltammetry system. Impedance measurements were conducted in the
charged state after the 1st and 100th cycles at a current density of 150 mA-g~!, employing
an Ametek VersaSTAT 3 electrochemical workstation. An alternating current voltage of
10 mV was applied over a frequency range of 0.1-100 kHz, and Nyquist plot fitting was
performed using the ZSimpWin 3.60 software. The galvanostatic intermittent titration
technique (GITT) was utilized to evaluate the Li-ion diffusion characteristics following the
charge-discharge cycling, intermittently applying a pulse current of 0.1 C for 10 min. The
Li* ion-diffusion coefficient (Dy;;) was calculated using the following equation:

b _4 N Vi \ >/ AEs \ >
L S AE;
where T represents the pulse duration (600 s), 11, denotes the molecular weight of the active
material, V}, signifies the molar volume of the active material, S denotes the contact area

between the electrolyte and the active material, AE; represents the transient voltage change,
and AE; signifies the steady-state voltage change.

3. Results and Discussion

To assess the changes in the electrochemical properties resulting from the 1-step and 2-
step sulfur modification processes, the charge—discharge profiles and discharge capacities of
the sulfur-modified LFP were compared to those of the pristine LFP. The results, measured
at 30 °C, are shown in Figure 1 and Table 1.

Table 1. Discharge capacities of pristine LFP and sulfur-modified LFP (1-step and 2-step processes) at
0.05,0.1, 0.3, 0.5, and 1 C rates, and their capacity retentions (measured at 30 °C).

Discharge Capacity (mAh-g—1)

Capacity

0.05C 01C 03C 05C 1C 0.05C Retention
(1stCycle)  (2nd Cycle)  (5th Cycle)  (10th Cycle)  (15th Cycle)  (20th Cycle) (%)
Pristine LFP 1422 130.1 107.8 94.2 76.2 137.9 53.6
1-step S$1500ppm 146.1 133.7 109.9 9.4 78.6 140.8 53.8
1-step S2000ppm 152.2 1418 120.8 106.3 88.5 145.2 58.1
1-step 52500ppm 151.3 140.2 119.5 106.0 88.6 146.7 585
2-step $250ppm 143.9 130.2 105.3 91.7 75.1 138.1 522
2-step S500ppm 152.8 140.9 1182 1016 83.0 147.6 543
2-step S750ppm 146.9 134.8 1125 982 80.5 1422 54.8
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Figure 1. (a) Initial charge—discharge profiles and (b) discharge capacities at 0.05, 0.1, 0.3, 0.5, and 1 C
rates for the pristine LFP and 1-step sulfur-modified LFPs. (c) Initial charge—discharge profiles and
(d) discharge capacities at 0.05, 0.1, 0.3, 0.5, and 1 C rates for the pristine LFP and 2-step sulfur-
modified LFPs.

The pristine LFP, containing a carbon coating layer derived from a cellulose source
(5wt.%), served as the control. As illustrated in Figure 1a,b, despite certain variations
depending on the amount of sulfur source used in the sulfur modification process (adjusted
to 1500, 2000, and 2500 ppm), the 1-step sulfur-modified LFP exhibited a notable increase
in the discharge capacity. In particular, the best performance was achieved with a sulfur
source with a concentration of 2000 ppm. The discharge capacities of the pristine LFP were
approximately 142 (0.05 C), 130 (0.1 C), 108 (0.3 C), 94 (0.5 C), and 76 (1 C) mAh-g’l, as
summarized in Table 1. Conversely, the 2000 ppm 1-step sulfur-modified LFP demonstrated
improved capacities of approximately 152 (0.05 C), 142 (0.1 C), 121 (0.3 C), 106 (0.5 C), and
89 (1C) mAh-g’l. Furthermore, the rate characteristics also demonstrated a significant
improvement with the 1-step sulfur modification. The capacity retention, defined as the
percentage of capacity ata 1 C rate compared to that at a 0.05 C rate, improved from 53.6%
for pristine LFP to over 58% with the 2000 and 2500 ppm 1-step sulfur modification. Figure
S1 and Table S1 (Supplemental Information) present the electrochemical performance of
the 1-step sulfur-modified LFP measured at 45 °C, demonstrating a significant increase
in the discharge capacity and an improvement in the rate capability, which is consistent
with the results at 30 °C. Given that the carbon coating sources for both the pristine and
1-step sulfur-modified LFPs were identical (5 wt.% cellulose), the 1-step sulfur modification
significantly enhanced the electrochemical properties of LFP.

Figure 1c,d illustrate the electrochemical performance of the 2-step sulfur-modified
LFP measured at 30 °C. When 250 ppm of the sulfur source was used, no improvement
in the properties was observed compared to the pristine LFP; however, using 500 and
750 ppm of sulfur clearly improved the discharge capacity. Specifically, the apparently
optimal 500 ppm 2-step sulfur-modified LFP exhibited capacities of approximately 153
(0.05 C), 141 (0.1 C), 118 (0.3 C), 102 (0.5 C), and 83 (1 C) mAh-g~!, which were higher than
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those of the pristine LFP (Table 1). As shown in Figure S2 and Table S1 (Supplemental
Information), the 2-step sulfur modification also effectively increased the discharge capacity
of the LFP measured at 45 °C. However, the rate capability did not improve as significantly
as that with the 1-step sulfur modification. As indicated in Table 1 and Table S1, the capacity
retention of the 500 ppm 2-step sulfur-modified LFP was 54.3% at 30 °C and 68.2% at 45 °C,
indicating an improvement compared to the pristine LFP. However, these values were
lower than the capacity retention observed for the 2000 ppm 1-step sulfur-modified LFP,
which were 58.1% at 30 °C and 76.0% at 45 °C. This suggests that the 1-step process was
more effective than the 2-step process in enhancing the rate capability. Based on these
measurements, the optimal amounts of the sulfur source for the 1-step and 2-step sulfur
modifications under our experimental conditions were 2000 ppm and 500 ppm, respectively.
Hereafter, the 2000 ppm 1-step sulfur-modified LFP will be referred to as the “1-step SLFP”
and the 500 ppm 2-step sulfur-modified LFP will be referred to as the “2-step SLFP,” both
of which will be compared to the pristine LFP.

Figure S3 compares the XRD patterns of the 1-step and 2-step sulfur-modified SLFPs
with that of the pristine LFP. The similarity in the peaks among these samples indicates
that the sulfur modification process did not significantly alter the LFP phase. Table 2
summarizes the lattice parameters of the pristine LFP, 1-step SLFP, and 2-step SLFP, as
determined by the Rietveld refinement of their XRD patterns. The lattice parameters
demonstrated slight variations among the samples. Although the difference between the
pristine LFP and 2-step SLFP was minimal, the lattice volume of the 1-step SLFP (291.35
A%) was greater than that of the pristine LFP (290.85 A), and more pronounced changes
in the lattice parameters were observed. This suggests that the high-temperature heat
treatment process for the 1-step SLFP may have resulted in the doping of certain sulfur
elements into the LFP structure, causing the changes observed in the lattice parameters.
Conversely, the sulfur elements for the 2-step SLFP were supplied at a lower temperature
of 300 °C after the carbon coating layer was already formed. Consequently, the sulfur was
likely positioned on the surface rather than being doped into the LFP structure, making
any doping effect unlikely. The surface coating layer was examined via a TEM analysis, as
illustrated in Figure 2.

Table 2. Lattice parameters obtained from XRD patterns of the pristine LFP, 1-step sulfur-modified
SLFP, and 2-step sulfur-modified SLFP via Rietveld refinement.

a(A) b (A) c(A) V (A% Rwp GoF
Pristine LFP 10.3253 6.0190 4.6903 290.8579 2.0026 1.7312
1-step SLFP 10.3320 6.0100 4.6920 291.3512 2.6242 2.4149
2-step SLFP 10.3255 6.0046 4.6912 290.873 2.1400 1.9005

For comparison, TEM images of the carbon-uncoated LFP were also captured
(Figure 2a), which did not present a distinct surface layer. Conversely, the pristine LFP
(carbon-coated) exhibited a clearly defined 2-3 nm thick surface layer, which was identified
as the carbon coating layer (Figure 2b). Both the 1-step and 2-step sulfur-modified SLFPs
demonstrated a similar thickness of the carbon coating layer and no significant changes
were observed owing to the sulfur modification (Figure 2c,d).

Figure 3 compares the Raman spectra of the 1-step and 2-step sulfur-modified SLFP
with that of the pristine LFP. Raman spectroscopy is an effective technique for character-
izing the carbon structure (including disorders and crystallite formation) of the coating
layer owing to the strong scattering properties of carbon, with two E2g modes, predicted
to be Raman active. The carbon structure of the coating layer significantly influences the
LFP properties, as a higher proportion of graphitic carbon than the disordered carbon
enhances the electronic conductivity. Figure 3 demonstrates broad peaks located at ap-
proximately 1342.8 and 1590.7 cm 1, which indicate the D and G bands of the carbon
coating, respectively. The extent of graphitization and its ratio to disordered carbon is
typically characterized by the Ip/Ig (intensity ratio of D and G bands) ratio in the Raman
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spectrum [35-37]. As shown in Figure 3a,b, the intensity of the G band in the Raman
spectrum of the 1-step SLEP is slightly larger than that of the pristine sample.

(@

(©)

Figure 2. TEM images of the (a) carbon-uncoated LFP, (b) pristine LFP (carbon-coated), (c) 1-step
sulfur-modified SLFP, and (d) 2-step sulfur-modified SLFP.

The calculated Ip/Ig ratio for the 1-step SLEP (0.90) was relatively lower than that
of the pristine sample (0.95), suggesting that the 1-step sulfur modification increased
the proportion of graphitic carbon compared to the disordered carbon, resulting in an
improved electronic conductivity. The improved rate capability observed in Figure 1
with the 1-step sulfur modification can be attributed to this increased graphitization. The
calculated Ip/Ig ratio for the 2-step SLFP was 0.93, which was also lower than that of
the pristine LFP (Figure 3c), indicating that the 2-step sulfur modification process also
increased the proportion of graphitic carbon, although to a lesser extent than that of the
1-step sulfur modification. The relatively small proportion of graphite carbon likely caused
the 2-step sulfur modification to be relatively less successful compared to the 1-step sulfur
modification in enhancing the rate capability.
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Figure 3. Raman spectra of the (a) pristine LFP, (b) 1-step sulfur-modified SLFP, and (c) 2-step
sulfur-modified SLFP.

The Raman analysis confirmed that the carbon structure was altered to a certain extent
via sulfur modification. Additionally, the sulfur element remaining in the carbon coating
layer may have played a crucial role in protecting the cathode interface from the electrolyte.
Given that both the 1-step and 2-step processes involved heat treatment, the sulfur element
may have been reduced compared to the initial amount supplied. XPS and TOF-SIMS
analyses were conducted to verify the amount of sulfur retained in the surface coating
layer. As shown in Figure S4 (Supplemental Information), distinguishing the sulfur-related
peaks of the pristine LFP and 1-step SLFP in the XPS spectra was challenging. However,
in the 2-step SLFP spectrum, a faint sulfur-related peak was observed at approximately
162-165 eV, indicating that the 2-step SLFP contained more residual sulfur than the 1-
step SLEP; however, the peak intensity was too low for a definitive comparison between
the samples. This low intensity was likely owing to the minimal amount of the sulfur-
containing carbon layer on the cathode surface. Therefore, sulfur-modified carbon samples
(excluding the cathode) were prepared utilizing the same method used for the 2-step SLFP
and were analyzed via XPS. As shown in Figure 4d, distinct peaks related to the C-S-C
bond near 163 and 164.2 eV were identified, indicating that the 2-step SLFP with the same
sulfur-modified carbon as the coating layer contains a significant amount of sulfur.

TOF-SIMS was also used for a comparison of the sulfur content on the surface. As
shown in Figure 4, the amount of S~ detected in the pristine LFP was negligible (Figure 4a).
The 1-step SLFP exhibited a slightly higher amount of S~ than the pristine LFP, indicating
that a certain amount of the sulfur element was retained despite the high-temperature
(700 °C) heat treatment (Figure 4b). However, the S~ intensity in the 2-step SLFP was
relatively higher than in the 1-step SLFP (Figure 4c). The comparison in Figure 4d demon-
strates that despite using 2000 ppm of the sulfur source in the 1-step process and only
500 ppm in the 2-step process, the residual sulfur element was greater in the 2-step SLFP,
which underwent heat treatment at a lower temperature (300 °C). This suggests that the
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high-temperature treatment in the 1-step process led to considerable sulfur losses, but it
also likely resulted in a certain amount of sulfur doping into the bulk. Additionally, the S
element in the 1-step process may have contributed to the increased proportion of graphitic
carbon by influencing the carbon formation process.

(a) (b)

1500 - 1500 -
—3 Pristine LFP —§ 1-step SLFP
——FeO’ FeO"

P ——PO" P PO’
2 1000} & 1000
£ =
2 =
S e
< S
z 2
2 s00 'Z 500
2 2 [\/\W
0 ~ L 0 — A ~———]
0 200 400 0 200 400
Sputter time (s) Sputter time (s)
(c) (a)
1500 - 200 —
s ) 2-step SLFP Pristine LFP
——FeO 1-step SLFP
_ —PO’ — 150 |———2-step SLFP
€ 1000} 2z
5 z
S e
&, 2 100
2 >
= b=
2 500 z
| o s
o ) ) 5 /\/\/\I/\/l\/\/\l,\__\/_

0 200 400 0 50 100 150 200
Sputter time (s) Sputter time (s)

Figure 4. TOF-SIMS spectra of the surface of (a) pristine LFP, (b) 1-step sulfur-modified SLFP,
(c) 2-step sulfur-modified SLFP, and (d) comparison of their S~ intensity.

To verify the change in the interfacial resistance owing to sulfur modification, the
impedance of cells containing the pristine LFP, 1-step, and 2-step SLFP were measured. Fig-
ure 5 presents the Nyquist plots of the cells after the 1st and 100th cycles. As illustrated, the
size of the semicircle in the Nyquist plots significantly decreased with sulfur modification,
indicating a decreased impedance. For a more precise analysis, the Nyquist plots were
fitted using the equivalent circuit shown in Figure S5 (Supplemental Information), and
the obtained impedance values are summarized in Table 3. The Nyquist plots of the cells
comprise the bulk resistance (Ry,), resistance of the solid-state interface layer formed on
the electrode surface (Rggy), charge transfer resistance between the active material particles
and the electrolyte (Rct), and the Warburg impedance (W) [38,39]. As shown in Table 3,
Rcr was reduced by sulfur modification after both the 1st and 100th cycles. Notably, after
the 1st cycle, the 1-step SLFP exhibited lower impedance values (~13 ()) than those of the
2-step SLFP (~30 Q}). The larger amount of carbon, improved carbon structure, and slight
sulfur doping effect may have contributed to these low impedance values in the 1-step
SLFP. However, after 100 cycles, the impedance values for both the 1-step (~35 ()) and
2-step SLFP (~35.8 ()) were nearly similar. Despite being lower than that of the pristine LFP
(~54 O)), the impedance values increased with cycling for both modified samples, with the
2-step SLFP demonstrating a relatively smaller increase in impedance compared to that of
the 1-step SLFP, which may be owing to the sulfur element in the carbon coating layer. The
2-step SLFP carbon coating contained relatively more sulfur, which helped reduce the side
reactions with the electrolyte during cycling, thus resulting in a relatively smaller increase
in the impedance values during cycling.
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Figure 5. Nyquist plots of the cells containing the pristine LFP, 1-step sulfur-modified SLFP, and
2-step sulfur-modified SLFP after (a) 1 cycle and (b) 100 cycles.

Table 3. Impedance values of the pristine LFP, 1-step sulfur-modified SLFP, and 2-step sulfur-modified
SLFP obtained from the Nyquist plots via fitting.

After 1 Cycle After 100 Cycles
Rb ) RSEI ) RCT Q) Rtotal ) Rb Q) RSEI Q) RCT Q) Rtotal ()
Pristine LFP 4.96 7.63 43.94 56.54 25.53 16.09 54.28 95.90
1-step SLFP 4.70 6.96 13.05 24.70 22.95 14.66 35.02 70.50
2-step SLFP 411 7.90 30.43 42.44 16.75 12.52 35.84 67.25

Figure 6 presents the Li-diffusion coefficient (Dy;,) values measured using the GITT
method (after 100 cycles), as shown in Figure S6a (Supplemental Information). The results
indicate an overall improvement in the Dy;, values owing to the sulfur modification.
Figure S6b compares the Dy;+ values in the plateau range during the discharge process.
For the pristine LFP, the Dy;, values ranged from 3.96 x 1074 t0 1.16 x 10~ 13 cm?2-s~ L.
Conversely, the 1-step SLFP exhibited Dy;, values ranging from 6.87 x 10714 to 1.41 x
10713 cm?-s~1. Notably, the 2-step SLFP demonstrated slightly higher Dy;, values than
those of the 1-step SLFP, ranging from 1.62 x 10713 to 1.83 x 107!3 cm?-s~!. Considering
this analysis was performed after 100 cycles, the marginally superior Dy ;, values observed
for the 2-step SLFP can be attributed to the interfacial protection effect, which enhances
the movement of Li ions. This interfacial protection, provided by the sulfur element in the
carbon coating layer, likely reduces the side reactions with the electrolyte and facilitates
better ionic conductivity.
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Figure 6. Li-diffusion coefficient (Dy;,) values measured using the GITT method for (a) pristine LFP,
(b) 1-step sulfur-modified SLFP, and (c) 2-step sulfur-modified SLFP.

To further elucidate the interface-protection effects of the sulfur modification, we
conducted a comparative analysis of the electrochemical properties of the cells containing
the LFP samples after storage at 60 °C. The elevated temperature accelerated the side
reactions at the interface, providing a clear platform to evaluate the interface stabilization
imparted by the sulfur modification. As shown in Figure 7a—c, the initial charge—discharge
profiles were recorded for the cells stored at 60 °C for 7, 10, and 14 days, respectively.

After 7 days of storage, the differences among the samples were minimal. However,
after 10 days, the pristine LFP exhibited a noticeable decrease in capacity, whereas both
the 1-step and 2-step SLFP samples demonstrated a minimal deviation from their 7-day
performance, indicating enhanced stability. The distinction became more pronounced
after 14 days, when the pristine LFP cells ceased to function properly, whereas the 2-step
SLEP cells continued to charge and discharge normally with only a slight capacity loss.
Conversely, the 1-step SLFP demonstrated a certain amount of degradation; although
operational, it exhibited irregularities in its charge/discharge curves (marked with a red
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circle). Figure 7d—f demonstrate the discharge capacities at 0.05, 0.1, 0.3, 0.5, and 1 C rates
post-storage at 60 °C, with the corresponding data summarized in Table 4.
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Figure 7. Charge—discharge profiles of the pristine LFP, 1-step sulfur-modified SLFP, and 2-step sulfur-
modified SLFP after storage for (a) 7 days, (b) 10 days, and (c) 14 days. Discharge capacities at 0.05,
0.1,0.3,0.5, and 1 C rates for the pristine LFP, 1-step sulfur-modified SLFP, and 2-step sulfur-modified
SLFP after storage for (d) 7 days, (e) 10 days, and (f) 14 days.

After 7 days, all the cells cycled normally. However, following 10 days of storage,
the cell with pristine LFP failed to cycle at a 0.1 C rate. The 1-step SLFP cells remained
functional across all C rates, but the capacity retention representing the rate capability
significantly diminished to ~39% compared to the 7-day mark (~44%), indicating substantial
deterioration. Conversely, the 2-step SLFP cells exhibited a smaller reduction in capacity
retention, from ~50% (7 days of storage) to 46% (10 days of storage), and maintained
a relatively stable operation. After 14 days, the pristine LFP sample entirely ceased to
function, whereas the 1-step SLFP failed to operate at a rate of 0.5 C. Conversely, the 2-step
SLFP managed to maintain the performance until it eventually stopped running at a rate
of 1 C. These findings indicate that the 2-step sulfur modification process significantly
enhances the cathode protection against side reactions with the electrolyte. This improved
performance demonstrates the superior stability of sulfur-modified carbon via vaporized
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sulfur. Although the 1-step sulfur modification also demonstrated improved stability
during the storage test compared to the pristine LFP, it was less effective than the 2-step
approach. Therefore, the 2-step sulfur modification process offers superior protection
against interface side reactions, rendering it more effective in stabilizing the cathode under
elevated temperature conditions. Figure 8 schematically summarizes the effects of the
1-step and 2-step sulfur modifications.

Table 4. Discharge capacities of the pristine LFP and sulfur-modified LFP (1-step and 2-step processes)
at 0.05,0.1, 0.3, 0.5, and 1 C rates measured after storage for 7, 10, and 14 days at 60 °C.

Discharge Capacity (mAh-g—1)

Capacity
0.05C 01C 03C 05C 1C 0.05C Retention (%)
(1st Cycle) (2nd Cycle) (5th Cycle) (10th Cycle)  (15th Cycle)  (20th Cycle)
Pristine LFP_7days 143.97 130.54 104.41 87.40 67.45 134.31 46.85
1-step SLFP_7days 148.60 130.78 100.27 83.68 65.07 138.50 43.79
2-step SLFP_7days 147 .46 134.74 109.58 93.24 73.89 138.23 50.11
Pristine LFP_10days 140.59 127.97 Cell fail
1-step SLFP_10days 147.54 133.13 102.43 83.08 57.48 113.11 38.96
2-step SLFP_10days_ 149.43 134.45 108.45 90.75 69.43 139.60 46.46
Pristine LFP_14days Cell fail
1-step SLFP_14days 156.78 141.31 101.47 Cell fail
2-step SLFP_l4days 147.29 132.03 102.90 85.68 Cell fail
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Figure 8. Schematic summarization of the 1-step and 2-step sulfur modification effects.

4. Conclusions

In this study, sulfur modification of the carbon layer was introduced to enhance the
performance of the carbon coating layer for LFP cathodes. Two methods were explored:
a 1-step process and a 2-step process. In the 1-step process, sulfur powder was mixed
with cellulose followed by heat treatment to form a coating layer, with the sulfur element
expected to improve the properties of the carbon coating layer during the heating process.
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In the 2-step process, an additional coating layer was applied on top of the carbon coating
layer using vaporized sulfur during a low-temperature (300 °C) heat treatment, aiming
to improve the high-temperature stability of the surface layer. The 1-step sulfur-modified
LFP exhibited an enhanced discharge capacity and rate capability compared to the pristine
LFP. Under optimal conditions, the sample exhibited a discharge capacity of approximately
152 mAh/g at a 0.05 C rate, with a capacity retention of around 58%, where capacity
retention is defined as the percentage of capacity at a 1 C rate compared to that at 0.05 C.
Raman spectroscopy indicated increased graphitization in the 1-step SLFP, which enhanced
the electronic conductivity. Although the 2-step sulfur modification did not improve the
rate capability as effectively as the 1-step process, it better maintained the electrochemical
properties during storage at high temperatures (60 °C). TOF-SIMS analyses confirmed
the sulfur retention in the surface coating layer, indicating more sulfur retention with
the 2-step SLFP owing to the treatment at a lower temperature. The sulfur elements
on the surface are expected to enhance the stability of the LFP at high temperatures.
Impedance measurements indicated a reduced impedance for the sulfur-modified LFP,
and the GITT method confirmed improved Li-diffusion coefficient values owing to the
sulfur modification. Based on these results, sulfur modification significantly enhances the
electrochemical performance and stability of LFP cathodes, offering a promising solution for
improving the performance of LIBs based on LFP. Table 5 provides a comparative summary
of the results from this study alongside previous studies focusing on carbon coatings.
The data highlight that the current work demonstrates highly competitive properties,
with the results suggesting that sulfur modification offers a significant advantage over
conventional carbon coatings. It is hoped that further research in this area will continue to
explore the potential of sulfur modification, potentially leading to even greater performance
improvements for LFP-based LIBs in the future.

Table 5. Discharge capacities of carbon-coated LFP obtained from the previous study.

Cathode Coating Source Conditions Discharge Capacity Reference
LiFePO, [Velm]NTf, Room femperature e ACh-g4 [40]
LiFePO, Coke 2.52\5/—1% \% 145.990}111§h.g—1 [41]
LiFePOy Graphene nanosheet Roo;r.lot%n_f;r\a/ture 145 r(ilAEg,l [42]
LiFePOy Sucrose 20V42V 128 &iﬁlg,l [20]
LiFePO, Sucrose 25V-45V s giglg,l [43]
LiFePO, Sucrose 25 V38 140 I?SAgg_l [44]
LiFePOy Sucrose Roo;r.14t$]n_2)§r{a/ture 132 &iﬁlg,l [45]
LiFePOy Cellulose 5 538_1(':2 v 141, S(i.r} A(il-gfl Our study
LiFePOy Cellulose 2 538::52 v 1 40.9(;: A(irg_l Our study

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /batteries10100348 /s1. Figure S1: (a) Initial charge-discharge
profiles and (b) discharge capacities at 0.05, 0.1, 0.3, 0.5, and 1 C rates for the pristine LFP and 1-step
sulfur-modified LFPs measured at 45 °C. Figure S2: (a) Initial charge—discharge profiles and (b)
discharge capacities at 0.05, 0.1, 0.3, 0.5, and 1 C rates for the pristine LFP and 2-step sulfur-modified
LFPs measured at 45 °C. Figure S3: XRD patterns of the pristine LFP, 1-step sulfur-modified SLFP,
and 2-step sulfur-modified SLFP. Figure S4: XPS spectra of the (a) pristine LFP, (b) 1-step sulfur-
modified SLFP, (c) 2-step sulfur-modified SLFP, and (d) sulfurized carbon using the 2-step process
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(the same carbon:sulfur ratio as the 2-step sulfur-modified SLFP was used). Figure S5: (a) Equivalent
circuit for fitting the Nyquist plots and (b) fitting example using Ry, Rsgy, Ret, and W. Figure Sé: (a)
Measurement profile for the GITT method and (b) comparison of the Li-diffusion coefficient (Dy )
values for the pristine LFP, 1-step sulfur-modified SLFP, and 2-step sulfur-modified SLF in the plateau
region. Table S1: Discharge capacities of the pristine LFP and sulfur-modified LFP (1-step and 2-step
processes) at 0.05, 0.1, 0.3, 0.5, and 1 C rates, and their capacity retentions (measured at 45 °C). Table
S2: Lattice parameters obtained from the XRD patterns of the pristine LFP, 1-step sulfur-modified
SLFP, and 2-step sulfur-modified SLFP via Rietveld refinement.

Author Contributions: Conceptualization, investigation, data curation, writing—original draft
preparation, S.-h.K.; writing—review and editing, supervision, funding acquisition, Y.J.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Materials and Components Technology Development
Program (grant No. 20024249) funded By the Ministry of Trade, Industry and Energy (MOTIE,
Republic of Korea), and by the National Research Foundation of Korea (NRF), grant funded by the
Korean government (MSIT, No. 2023R1A2C1003330).

Data Availability Statement: Data are contained within the article.

Acknowledgments: This work was supported by the Materials and Components Technology De-
velopment Program (grant No. 20024249) funded By the Ministry of Trade, Industry and Energy
(MOTIE, Republic of Korea), and by the National Research Foundation of Korea (NRF), grant funded
by the Korean government (MSIT, No. 2023R1A2C1003330).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Huang, J.; Fan, Z.; Xu, C; Jiang, F; Feng, X. Experimental investigation of thermal runaway characteristics of large-format
Li(Nig gCog.1Mng 1)O, Battery under Different Heating Powers and Areas. Batteries 2024, 10, 241. [CrossRef]

2. Das, D.; Manna, S.; Puravankara, S. Electrolytes, Additives and Binders for NMC cathodes in Li-ion batteries—A review. Batteries
2023, 9, 193. [CrossRef]

3.  Panda, PK; Cho, T.S.; Hsieh, C.-T.; Yang, P.C. Cobalt- and Copper-Doped NASICON-Type LATP Polymer Composite Electrolytes
Enabling Lithium Titania Electrode for Solid-State Lithium Batteries with High-Rate Capability and Excellent Cyclic Performance.
J. Energy Storage 2024, 95, 112559. [CrossRef]

4. Joo, M.],; Kim, M.; Chae, S.; Ko, M.; Park, Y.J. Additive-derived surface modification of cathodes in all-solid-state batteries: The
effect of lithium difluorophosphate- and lithium Difluoro(Oxalato)Borate-derived coating layers. ACS Appl. Mater. Interfaces 2023,
15, 59389-59402. [CrossRef]

5. Ji,YJ.;Noh,S.; Seong,J.Y,; Lee, S.; Park, Y.J. LisBO3-Li3PO4 Composites for Efficient Buffer Layer of Sulphide-Based All-Solid-State
Batteries. Batteries 2024, 9, 292. [CrossRef]

6. Madaoui, S.; Vinassa, ].M.; Sabatier, J.; Guillemard, F. An electrothermal model of an NMC lithium-ion prismatic battery cell for
temperature distribution assessment. Batteries 2023, 9, 478. [CrossRef]

7. Joo, M.J.; Park, YJ. Stabilizing Li,O-based Cathode /Electrolyte interfaces through succinonitrile addition. J. Electrochem. Sci.
Technol. 2023, 14, 231-242. [CrossRef]

8.  Hawley, W.B.; Li, M,; Li, ]. Room-temperature eutectic synthesis for upcycling of cathode materials. Batteries 2023, 9, 498.
[CrossRef]

9.  Ramasubramanian, B.; Sundarrajan, S.; Chellappan, V.; Reddy, M.V.; Ramakrishna, S.; Zaghib, K. Recent development in
carbon-LiFePOy cathodes for lithium-ion batteries: A mini review. Batteries 2022, 8, 133. [CrossRef]

10. Mohanty, D.; Chang, M.].; Hung, LM. The effect of different amounts of conductive carbon material on the electrochemical
performance of the LiFePOy cathode in Li-ion batteries. Batteries 2023, 9, 515. [CrossRef]

11. Wu, K;; Hu, N,; Wang, S.; Geng, Z.; Deng, W. Enhancing performance of LiFePO, battery by using a novel gel composite polymer
electrolyte. Batteries 2023, 9, 51. [CrossRef]

12. Zhang, W.J. Structure and performance of LiFePO, cathode materials: A review. J. Power Sources 2011, 196, 2962-2970. [CrossRef]

13.  Chen, S.P; Lv, D.; Chen, J.; Zhang, Y.H.; Shi, EN. Review on defects and modification methods of LiFePO, Cathode material for
lithium-ion batteries. Energy Fuels 2022, 36, 1232-1251. [CrossRef]

14. Prosini, PP; Lisi, M.; Jane, D.; Pasquali, M. Determination of the Diffusion Coefficient of LiFePOj. Solid State Ionics 2002, 148,
45-51. [CrossRef]

15.  Amin, R.; Balaya, P; Maier, J. Anisotropy of electronic and ionic transport in LiFePOy single crystals. Electrochem. Solid State Lett.
2007, 10, 13-16. [CrossRef]

16.  Wang, J.; Sun, X. Understanding and recent development of carbon coating on LiFePO4 cathode materials for lithium-ion batteries.

Energy Environ. Sci. 2012, 5, 5163-5185. [CrossRef]

92



Batteries 2024, 10, 348

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Moon, H.; Kim, D.; Park, G.; Shin, K.; Cho, Y.; Gong, C.; Lee, Y.S.; Nam, H.; Hong, S.; Choi, N.S. Balancing ionic and electronic
conduction at the LiFePOy cathode—electrolyte interface and regulating solid electrolyte interphase in lithium-ion batteries. Adv.
Funct. Mater. 2024, 34, 2403261. [CrossRef]

Ni, H; Liu, J.; Fan, L.Z. Carbon-coated LiFePO,-porous carbon composites as cathode materials for lithium ion batteries. Nanoscale
2013, 5, 2164-2168. [CrossRef]| [PubMed]

Wang, C.; Yuan, X,; Tan, H; Jian, S.; Ma, Z.; Zhao, J.; Wang, X.; Chen, D.; Dong, Y. Three-dimensional carbon-coated LiFePO4
cathode with improved Li-ion battery performance. Coatings 2021, 11, 1137. [CrossRef]

Qi, M.; Liu, Y;; Xu, M,; Feng, M.; Gu, J; Liu, Y,; Wang, L. Improved electrochemical performances of carbon-coated LiFePOy
microspheres for Li-ion battery cathode. Mater. Res. Express 2019, 6, 115520. [CrossRef]

Nien, Y.H.; Carey, ].R.; Chen, ].S. Physical and electrochemical properties of LiFePO,/C composite cathode prepared from various
polymer-containing precursors. J. Power Sources 2009, 193, 822-827. [CrossRef]

Mathur, P; Shih, J.Y,; Li, Y.J.J.; Hung, T.E; Thirumalraj, B.; Ramaraj, S.K.; Jose, R.; Karuppiah, C.; Yang, C.C. In situ metal organic
framework (ZIF-8) and mechanofusion-assisted MWCNT coating of LiFePOy,/C composite material for lithium-ion batteries.
Batteries 2023, 9, 182. [CrossRef]

Yoon, S; Liao, C.; Sun, X.G.; Bridges, C.A.; Unocic, R.R.; Nanda, J.; Dai, S.; Paranthaman, M.P. Conductive surface modification of
LiFePOy4 with nitrogen-doped carbon layers for lithium-ion batteries. |. Mater. Chem. 2012, 22, 4611-4614. [CrossRef]

Yang, J.; Wang, J.; Li, X.;; Wang, D.; Liu, J.; Liang, G.; Gauthier, M.; Li, Y.; Geng, D.; Li, R.; et al. Hierarchically porous
LiFePOy /nitrogen-doped carbon nanotubes composite as a cathode for lithium ion batteries. J. Mater. Chem. 2012, 22, 7537-7543.
[CrossRef]

Zhang, J.; Nie, N; Liu, Y;; Wang, J.; Yu, E; Gu, J.; Li, W. Boron and Nitrogen Codoped carbon layers of LiFePO, improve the
high-rate electrochemical performance for lithium ion batteries. ACS Appl. Mater. Interfaces 2015, 7, 20134-20143. [CrossRef]
[PubMed]

Wang, X.; Feng, Z.; Hou, X; Liu, L.; He, M.; He, X.; Huang, J.; Wen, Z. Fluorine doped carbon coating of LiFePOy, as a cathode
material for lithium-ion batteries. Chem. Eng. J. 2020, 379, 122371. [CrossRef]

Cho, J.; Kim, Y.J.; Park, B. Novel LiCoO, cathode material with Al;O3 coating for a Li ion cell. Chem. Mater. 2000, 12, 3788-3791.
[CrossRef]

Chang, H.H.; Chang, C.C.; Su, C.Y.; Wu, H.C.; Yang, M.H.; Wu, N.L. Effects of TiO; coating on high-temperature cycle performance
of LiFePOy-based lithium-ion batteries. |. Power Sources 2008, 185, 466—472. [CrossRef]

Cui, Y.; Zhao, X.; Guo, R. Enhanced electrochemical properties of LiFePO,4 cathode material by CuO and carbon co-coating. J.
Alloys Compd. 2010, 490, 236-240. [CrossRef]

Cui, Y.; Zhao, X.; Guo, R. High rate electrochemical performances of nanosized ZnO and carbon co-coated LiFePO, cathode.
Mater. Res. Bull. 2010, 45, 844-849. [CrossRef]

Cho, J.; Kim, Y.J.; Kim, TJ.; Park, B. Zero-strain intercalation cathode for rechargeable Li-ion cell. Angew. Chem. Int. Ed. Engl. 2001,
40, 3367-3369. [CrossRef] [PubMed]

Zhao, S.X.; Ding, H.; Wang, Y.C.; Li, B.H.; Nan, C.W. Improving rate performance of LiFePO, cathode materials by hybrid coating
of nano-Li3POy and carbon. . Alloys Compd. 2013, 566, 206-211. [CrossRef]

Lee, S.B.; Cho, S.H.; Aravindan, V.; Kim, H.S; Lee, Y.S. Improved cycle performance of sulfur doped LiFePO4 material at high
temperatures. Koreascience 2009, 30, 2223-2226. [CrossRef]

Xu, D.; Wang, P,; Shen, B. Synthesis and characterization of sulfur-doped carbon decorated LiFePO, nanocomposite as high
performance cathode material for lithium-ion batteries. Ceram. Int. 2016, 42, 5331-5338. [CrossRef]

Wilcox, J.D.; Doeff, M.M.; Marcinek, M.; Kostecki, R. Factors influencing the quality of carbon coatings on LiFePOy. J. Electrochem.
Soc. 2007, 154, A389-A395. [CrossRef]

Ait Salah, A.; Mauger, A.; Zaghib, K.; Goodenough, ].B.; Ravet, N.; Gauthier, M.; Gendron, F.; Julien, C.M. Reduction Fe3*
of Impurities in LiFePOy from Pyrolysis of Organic Precursor Used for Carbon Deposition. ]. Electrochem. Soc. 2006, 153,
A1692-A1701. [CrossRef]

Doeff, M.M.; Wilcox, J.D.; Kostecki, R.; Lau, G. Optimization of carbon coatings on LiFePOy. J. Power Sources 2006, 163, 180-184.
[CrossRef]

Bao, S.J.; Liang, Y.Y.; Li, H.L. Synthesis and electrochemical properties of LiMn,O4 by microwave-assisted sol-gel method. Mater.
Lett. 2005, 59, 3761-3765. [CrossRef]

Nara, H.; Morita, K.; Mukoyama, D.; Yokoshima, T.; Momma, T.; Osaka, T. Impedance analysis of LiNij ;3Mn; /3Co1 /30, cathodes
with different secondary-particle size distribution in lithium-ion battery. Electrochim. Acta 2017, 241, 323-330. [CrossRef]

Xia, J.; Zhu, E; Wang, G.; Wang, L.; Meng, Y.; Zhang, Y. Synthesis of LiFePO,/C using ionic liquid as carbon source for lithium
ion batteries. Solid State Ion. 2017, 308, 133-138. [CrossRef]

Guo, F; Huang, X,; Li, Y.; Zhang, S.; He, X,; Liu, J.; Yu, Z.; Li, F. In Situ Low-Temperature Carbonization Capping of LiFePO4 with
Coke for Enhanced Lithium Battery Performance. Molecules 2023, 28, 6083. [CrossRef] [PubMed]

Fei, H.; Peng, Z.; Yang, Y.; Li, L.; Raji, A.R.O.; Samuel, E.L.G.; Tour, ].M. LiFePO, nanoparticles encapsulated in graphene
nanoshells for high-performance lithium-ion battery cathodes. Chem. Commun. 2014, 50, 7117-7119. [CrossRef] [PubMed]
Pratheeksha, PM.; Rajeshwari, J.S.; Daniel, P.J.; Rao, TIN.; Anandan, S. Investigation of In-Situ Carbon Coated LiFePO; as a
Superior Cathode Material for Lithium Ion Batteries. J. Nanosci. Nanotechnol. 2018, 19, 3002-3011. [CrossRef] [PubMed]

93



Batteries 2024, 10, 348

44. Wu, S;; Luo, E.; Ouyang, |.; Lu, Q.; Zhang, X.; Wei, D.; Han, WK_; Xu, X.; Wei, L. Tuning the graphitization of the carbon coating
layer on LiFePO, Enables Superior Properties. Int. J. Electrochem. Sci. 2024, 19, 100450. [CrossRef]

45.  Chen, C; Luo, C; Jin, Y,; Li, J.; Zhao, Q.; Yang, W. Short-Process Spray-Drying Synthesis of Lithium Iron Phosphate@Carbon
Composite for Lithium-Ion Batteries. ACS Sustain. Chem. Eng. 2024, 12, 14077-14086. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

94



. Z
batteries ﬂw\p\py

Article
Simulation and Optimization of a Hybrid Photovoltaic/Li-Ion
Battery System

Xiaoxiao Yu 123, Juntao Fan !, Zihua Wu 1">*, Haiping Hong "*, Huaqing Xie 1'*3, Lan Dong /%3
and Yihuai Li 123

School of Energy and Materials, Shanghai Polytechnic University, Shanghai 201209, China;
yuwxx@sspu.edu.cn (X.Y.); 20221516118@stu.sspu.edu.cn (J.F); hqxie@sspu.edu.cn (H.X.);
donglan@sspu.edu.cn (L.D.); yhli@sspu.edu.cn (Y.L.)

Shanghai Engineering Research Center of Advanced Thermal Functional Materials, Shanghai 201209, China
Shanghai Thermophysical Properties Big Data Professional Technical Service Platform, Shanghai Polytechnic
University, Shanghai 201209, China

*  Correspondence: wuzihua@sspu.edu.cn (Z.W.); hphong@sspu.edu.cn (H.H.)

Abstract: The coupling of solar cells and Li-ion batteries is an efficient method of energy storage, but
solar power suffers from the disadvantages of randomness, intermittency and fluctuation, which
cause the low conversion efficiency from solar energy into electric energy. In this paper, a circuit
model for the coupling system with PV cells and a charge controller for a Li-ion battery is presented
in the MATLAB/Simulink environment. A new three-stage charging strategy is proposed to explore
the changing performance of the Li-ion battery, comprising constant-current charging, maximum
power point tracker (MPPT) charging and constant-voltage charging stages, among which the MPPT
charging stage can achieve the fastest maximum power point (MPP) capture and, therefore, improve
battery charging efficiency. Furthermore, the charge controller can improve the lifetime of the battery
through the constant-current and constant-voltage charging scheme. The simulation results indicate
that the three-stage charging strategy can achieve an improvement in the maximum power tracking
efficiency of 99.9%, and the average charge controller efficiency can reach 96.25%, which is higher
than that of commercial chargers. This work efficiently matches PV cells and Li-ion batteries to
enhance solar energy storages, and provides a new optimization idea for hybrid PV/Li-ion systems.

Keywords: MPPT; buck circuit; charger controller; Li-ion battery; photovoltaic cells; MATLAB/Simulink

1. Introduction

Currently, the world mainly uses non-renewable energy sources such as coal, oil,
natural gas and nuclear energy. The use of non-renewable energy sources releases many
gases and pollutants such as carbon dioxide, sulfur dioxide, etc., which cause serious envi-
ronmental problems such as fog and frost, and land desertification and contribute to the
greenhouse effect, while solar power generation is less harmful and more economic [1]. As
a result, solar energy has been developed on a large scale as a renewable energy source, par-
ticularly photovoltaic (PV) power generation [2—4]. Recently, researchers have conducted
extensive research on PV cells, for example, in material improvement, and have achieved
the outstanding efficiency of ~23% [5-10]. However, weather conditions and round-the-
clock changes affect the stability of PV cell power generation [11]. At present, coupled
systems of PV cells and storage devices can reduce the impact from the environment; these
include PV-battery systems and PV-phase-change material systems [12,13]. Among many
solar energy utilization technologies, the combination of PV cells and batteries can transfer
electric energy from PV cells into battery storage, and then the batteries generate electric
energy to compensate for the lack of PV power generation caused by poor generation
conditions [14,15]. Therefore, it is worth considering how to improve the match between
PV cell and batteries.
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Li-ion batteries have the advantages of cleanliness, light weight and high power density.
Wang et al. [16] found that the charging time of LiNipgMng1Cop 10, (NMC811) | | graphite
lithium-ion batteries could be less than 15 mins, with a voltage higher than 4.5 V. Therefore,
Li-ion batteries are considered as great electric energy storage devices and have been
utilized for solar PV cell storages [17,18]. Guo et al. [19] proposed a three-stage charging
control strategy based on a DC-DC converter to store solar energy in Li-ion batteries. These
authors found that the improvement resulting from this strategy significantly enhanced
the efficiency of converting solar energy into electrical energy. Lopez et al. [20] utilized a
simple MPPT method for a series DC-DC converter PV power system module to measure
the PV cell generation voltage in real time and adjust the output power to keep the PV cells
operating at maximum power. Bhan et al. [21] investigated the difference between charging
systems with and without MPPT charging based on the MATLAB/Simulink environment,
and found that a PV system with MPPT charging can generate more power. Szczepaniak
et al. [22] proved that MPPT charging can improve generation efficiency. A coupling system
combining a MPPT controller a PV generation system can enhance the stability of power
generation, especially when the irradiation intensity changes [23,24]. However, the ability
to adjust the PV maximum power point (MPP) voltage is still lacking, which reduces the
conversion efficiency and shortens its lifetime [25]. Aljarhizi et al. [26] proposed a Li-ion
battery charging method based on MPPT charging and a constant-voltage charging control,
and found that the lifetime of a Li-ion battery can be extended without overloading. Even
though the coupling of PV cells and a Li-ion battery with the MPPT charging method
can improve the solar-to-electric efficiency and operating stability, the match of PV cells
and Li-ion batteries still needs further optimization and improvement to ensure that the
output current of PV cells at MPP meets the charging requirements of lithium-ion batteries;
however, this issue is currently rarely studied.

This paper presents a model of a hybrid PV/Li-ion battery system in the MAT-
LAB/Simulink environment. The new Li-ion battery charge controller utilizes an algorithm
based on the combination of MPPT charging and Li-ion battery charging technology. The
three-stage charging mode comprising constant-current charging, MPPT charging and
constant-voltage charging, is utilized for improving the PV/Li-ion battery charging effi-
ciency and effectively extending battery life.

2. System Modeling

Figure 1a shows the model diagram of the coupling system between PV cells and a
Li-ion battery charge controller in the MATLAB/Simulink environment. It consists of a
PV array, a DC-DC buck circuit, a Li-ion battery and a charge control module. Figure 1b
illustrates that the charge control module comprises a Perturb and Observe (P&O) algorithm
and a Li-ion battery charge control algorithm. The charge control module generates PWMs
for switching the power switching tubes of the DC/DC buck circuit. The PV array module
and Li-ion battery module are taken directly from the Simulink Simscape Electrical blockset
library. The model uses a 2.7 kW PV array matched with a 12 V/10 Ah Li-ion battery. It
was evaluated and simulated using MATLAB/Simulink. The circuitry model and charge
controller block are explained in detail in the following sections.

2.1. DC-DC Buck Converter

As shown in Figure 1, a buck circuit is used in this design since it is more reliable and
has less complexity [27-30]. The buck circuit comprises a MOSFET, a Schottky diode, an
inductor, a resistor and two capacitors (C1, C2). The switching frequency (f;) is equal to
1000 Hz. Equations (1)-(3) can be used to obtain the values of the buck circuit parameters L
and C [31,32]. The capacitor C1 can stabilize the PV array’s power output, and the value is
set to 1 pF. The value of the capacitor C2 is set to 625 uF. The resistor R is a current-limiting
resistor, and its parameter is set to 2 (). The forward voltage of the diode is set to 0.7 V.

U, —-0.7

D =
U;

)
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_ Uy*(1-D)
Ui*(l—D) (3)

T 8xLxf kAU,

where U, represents the output voltage of the buck circuit, U; represents the input DC
voltage, Al represents the ripple of the inductor current, and AU, represents the ripple in
output voltage.
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Figure 1. Charging control module: (a) solar PV /Li-ion battery charge controller module; (b) charge
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control algorithm module.

2.2. MPPT Algorithm

The power output from the PV panels changes as the irradiance value changes, and
there is only one maximum power corresponding to each irradiance value. A model PV
panel is simulated in the MATLAB/Simulink environment to analyze MPP, and its voltage—
power (U-P) characteristic curves at different solar irradiance intensities are shown in
Figure 2. It can be seen that the output power of the PV cell fluctuates with solar irradiance,
and the MPP is the inflection point of the U-P curve, which indicates the highest generation
power of the PV cells.

At present, the most commonly used MPPT algorithm is the Perturb and Observe
(P&O) algorithm, and the flowchart of the P&O algorithm is shown in Figure 3a. The
P&O algorithm is utilized to change the output power of PV cells through altering the
equivalent load at the output of the cells and constantly adjusting the output power until
the maximum output power [33-35]. Figure 3b is the flowchart of the P&O algorithm in the
MATLAB/Simulink environment. It can be shown that the P&O algorithm is calculated
through voltage U(k), current I(k), which is read from the PV array, and output power
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P(k). Firstly, the unit delay block performs the previous sample (k — 1) function. Then,
the values of U(k) — U(k — 1) and P(k) — P(k — 1) are calculated by the unit delay block
U(k — 1) and P(k — 1). The signal module output 1 or —1 determines the positive or
negative state of the duty cycle. Of course, the duty cycle can be changed in steps of 0.01.
The duty cycle signal is then connected to the buck section.

300 T T T T T T T
= TIrradiance 200W/m?
250 b = [rradiance 400W/m? _]
Irradiance 600W/m?
= Irradiance 800W/m?

[
[
[—]

—— Irradiance 1000W/m? |

Power(w)
2

0 5 10 15 20 25 30 35 40
Voltage (V)

Figure 2. U-P characteristic curves of a solar cell.
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Figure 3. Implementation of the P&O algorithm. (a) Flowchart of the P&O algorithm. (b) P&O
algorithm implementation in Simulink.

98



Batteries 2024, 10, 393

2.3. Li-lon Battery Charging Control Method

Furthermore, the procedure of the Li-ion battery charging algorithm is shown in
Figure 4. For SoC (State of Charge) < 10%, the first stage maintains constant-current
charging and MPPT charging, and the battery is charged at a constant current of 2 A (0.2 C).
In particular, the charger switches to MPPT charging when the battery current is below the
constant-current set value; otherwise, MPPT charging is prevented and the constant-current
charging stage starts. For 10% < SoC < 95%, the second stage enters MPPT charging, in
which the battery is charged under a fluctuating current. Considering the effect of the
weather on the output power of a PV array, it is important to match the models of the PV
array and Li-ion battery to ensure that the MPPT charging current does not exceed the
maximum charging current of the battery. Finally, for 95% < SoC < 100%, the battery is
charged at a constant voltage (14.1 V) during the third stage. The charger converts to MPPT
charging if the battery voltage falls below the constant-voltage set value; otherwise, the
constant-voltage charging continues.

I(A) Voltage | U(V)

N 14.1
13.97

CV&MPPT]
charging

10
-112.4

10.26
0 10 20 30 40 50 60 70 80 90 100110 SoC(%)

Figure 4. The charging process of the Li-ion battery.

3. Results and Discussion

In the MATLAB/Simulink environment, the PV-battery coupled system performance
is simulated and examined. The discrete simulation type is established with a sample
duration of 10 ps per sample, and the Simulink model is configured using automated solver
selection with a variable step. This paper discusses the charging performance of Li-ion
batteries, the tracking performance of MPPT, the overall efficiency performance, and the
validation using conventional charge algorithms.

3.1. Li-Ion Battery Charging Performance

The parameters of the PV array and Li-ion battery in the model are shown in Table 1.
The PV array consists of four panels in series and produces 2.7 kW of power. The intensity
of solar irradiation is set at 1000 W/m?, the temperature is set to 25 °C and the time is set
at 6000 s.

The charging process of the Li-ion battery is shown in Figure 5. It can be seen that
the Li-ion battery is initially charged by the battery charge controller during the constant-
current charging stage when SoC of the Li-ion battery is less than 10%. Furthermore,
The MPPT charging stage begins when the battery SoC reaches 10% at 1800 s, and is
maintained when the SoC reaches 95% at 4800 s. However, the MPPT charging is switched
into the constant-voltage charging stage once the voltage of the Li-ion battery reaches
14.1 V. Moreover, SoC of the Li-ion battery at 5250 s reaches 100%, and then the charge
controller switches to the float stage. Meanwhile, the Li-ion battery maintains a floating
voltage of 14.0 V. Considering with the ideal charging process of Li-ion batteries reported
in previous research [36], it is demonstrated that the Li-ion battery charging voltage and
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current in this work meet the charge requirements as the current curve is almost identical
to the ideal current curve.

Table 1. Parameters of photovoltaic arrays and Li-ion batteries.

Parameters Values
Rated capacity 50 Ah
Nominal voltage 12V
Full charge voltage 1397V
Li-ion battery Constant-current charging current 10 A
MPPT charging current 50 A
Constant-voltage charging voltage 141V
Float charging voltage 13.97V
Maximum output power (Pmax) 174 W
Open circuit voltage (Voc) 363V
Solar panel Maximum power point voltage (Vmp) 29V
Short-circuit current (Isc) 6.5 A
Maximum power point current (Imp) 6 A
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Figure 5. The process of the Li-ion battery charge.

3.2. MPPT Charging Efficiency

In this work, MPPT charging efficiency is defined by the ratio of the PV array output
power to MPP power. Here, the effect of the solar irradiation intensity on the efficiency
performance is further discussed. Considering the actual outdoor irradiation conditions,
clouds affect the solar irradiation intensity, as shown in Figure 6a. In particular, the slower
a cloud moves, the smaller the light intensity fluctuation is, and the better the tracking
ability of the MPPT control method. Figure 6b clearly shows the efficiency and stability
of the MPPT charging method, and the MPPT efficiency can reach 99.9% under the solar
irradiation of 200-550 W/m?.
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Figure 6. The performance analysis of MPPT charging. (a) Solar irradiance and MPPT charging
real-time efficiency. (b) MPPT charging efficiency.

3.3. Overall Charging Efficiency of Li-Ions

Li-ion charger losses can drastically lower the overall efficiency of the energy storage.
Here the overall efficiency of an Li-ion battery is defined by the ratio of the battery input
power to the PV array output power. And the charging overall efficiencies of Li-ion batteries
under three charging stages are discussed. According to Figure 7a, for 0% < SoC < 10%, the
constant-current charging efficiency can reach 95.5% at a solar irradiance of 1000 W/m?. In
addition, the MPPT charging efficiency can reach 95.5% at a solar irradiance of 100 W/m?.

Aiming to highlight the characteristics of this work, the charging mode proposed in
this paper and the traditional constant-current charging mode are compared through the
same simulation method. Firstly, this study compares constant-current charging combined
with MPPT charging to constant-current charging alone. The difference between the
two charging methods in the early stage of charging are shown in Figure 7b,c. It can be seen
that the two charge controllers have same charging performance under the constant-current
charging stage. However, when the irradiation intensity decreases by 100 W /m?, the three-
stage charging mode can switch to the MPPT charging stage, and the charging efficiency
can reach 0.25% at 60s, which is 0.7% SoC higher than the traditional charging mode.

For 10% < SoC < 95%, the overall charging efficiency during the MPPT charging
stage remains stable under uniform growth in the irradiation intensity, which indicates
the MPPT method can efficiently achieve the maximum power charging. Moreover, the
highest charging efficiency increases with the solar irradiation intensity, and reaches 97%
when the irradiation intensity is 1000 W/m?, as shown in Figure 8a. In particular, the
MPPT charging method can rapidly resume a charging ability of 97% when the irradiation
intensity undergoes large changes from 100 W/m? to 1000 W /m?.

Furthermore, the charging performance of the MPPT mode is compared with the
constant-current charging mode in Figure 8b,c. It is easily seen that the MPPT charging
mode results in a more stable charging state than the traditional mode when the irradiation
intensity decreases from 1000 W/m? to 800 W/m?. Under the same charging time, the
MPPT charging mode can achieve 11.6% SoC, which is 0.3% SoC higher than the constant-
current charging mode alone.
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Figure 7. The overall performance analysis of the first-stage charging. (a) Solar irradiance and
overall efficiency performance. (b) SoC variation with new charge controller. (c) SoC variation with
traditional charge controller.
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with traditional charge controller.
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For 95% < SoC < 100%, as illustrated in Figure 9a, from 0 to 2 s, the system is in
constant-voltage charging mode, but the efficiency curve does not reach stability due to a
delay in the simulation. From 2 to 4 s, the system switches to MPPT charging mode with an
efficiency of approximately 97%. From 4 to 6 s, the system switches back to constant-voltage
charging mode, with a charging efficiency of about 97%.
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Figure 9. The overall performance analysis of the third-stage of charging. (a) Light change process
and overall conversion efficiency. (b) SoC variation with new charge controller. (c¢) SoC variation
with traditional charge controller.

Similarly, this study compares constant-voltage charging combined with MPPT charg-
ing to constant-voltage charging alone. Figure 9b,c show the difference between the two
charging methods during the end stage of charging. Even though the two charging modes
can achieve an SoC of 100%, the charging mode proposed in this work can decrease the
charging time of the Li-ion battery to the maximum charging capacity by 5 s.

According to the above simulation results, the average conversion efficiency of the
Li-ion battery charge controller is about 96.25%, with the highest efficiency of 97% and
lowest efficiency of 95.5%. A comparison of the proposed system’s charging efficiency with
similar works already published is presented in Table 2.

Table 2. Recent research of nanofluid.

Ref. System Efficiency
This work 95.5-97%
Palmiro et al. [37] 94-97%
Lopez, J. [23] 85-95%
Zhang, L. [24] 87.48%
Salman et al. [34] 77.85-92.6%
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In this section, the efficiency of the improved charging method is verified by com-
parison with the constant-current and constant-voltage charging methods. For 10% <
SOC < 90%, MPPT charging is more effective than constant-current charging. Combining
constant-current charging and constant-voltage charging with MPPT charging can increase
the charging power for Li-ion batteries in environments with varying solar irradiance.
This offers faster charging speeds and higher charging efficiencies than charging with
constant-current charging only or constant-voltage charging only.

4. Conclusions

An efficient and safe charger system comprising PV cells and Li-ion batteries is crucial
for solar energy storage and utilization. This work built a Li-ion battery charge controller
model with the MPPT technique in the MATLAB/Simulink environment to explore the
charging performance under an unstable surrounding environment. The charging method
of the Li-ion battery, the buck circuit, and the maximum power tracking algorithm are
all clearly analyzed. The results show that the three-stage charging mode utilized in this
work can efficiently enhance battery charging efficiency due to the fastest MPP capture.
Meanwhile, the Li-ion battery lifetime is significantly improved. In particular, the three-
stage charging method has an average charge controller efficiency of 96.25%. It also shows
a higher overall efficiency of 95.5-97% and shorter charging times than the traditional
constant-current charging method. The improved charging techniques proposed by this
work can enhance solar-driven PV cells-Li-ion battery charging control system performance
and offer valuable experiences for further study.
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Abstract: Lithium-ion batteries (LIBs) are pivotal in a wide range of applications, including consumer
electronics, electric vehicles, and stationary energy storage systems. The broader adoption of LIBs
hinges on advancements in their safety, cost-effectiveness, cycle life, energy density, and rate capability.
While traditional LIBs already benefit from composite materials in components such as the cathode,
anode, and separator, the integration of nanocomposite materials presents significant potential for
enhancing these properties. Nanocomposites, including carbon—oxide, polymer—oxide, and silicon-
based variants, are engineered to optimize key performance metrics, such as electrical conductivity,
structural stability, capacity, and charging/discharging efficiency. Recent research has focused on
refining these composites to overcome existing limitations in energy density and cycle life, thus paving
the way for the next generation of LIB technologies. Despite these advancements, challenges related
to high production costs and scalability remain substantial barriers to the widespread commercial
deployment of nanocomposite-enhanced LIBs. Addressing these challenges is essential for realizing
the full potential of these advanced materials, thereby driving significant improvements in the
performance and practical applications of LIBs across various industries.

Keywords: Li-ion batteries; nanocomposite materials; nanotechnology

1. Introduction

Energy plays a crucial role in the progress of our world, with electricity being the
most widely utilized form of energy. It is primarily generated from fossil fuels like coal,
oil, and natural gas. In recent years, the substantial use of conventional fossil fuels and
their environmental and climate impacts have spurred increased interest in technologies
like energy storage to enhance energy efficiency. The battery or chemical energy system,
utilizing the conversion from chemical energy to electrochemical energy, has captured
considerable interest in the energy storage field [1]. The main technologies utilized in
rechargeable battery systems include lithium-ion (Li-ion), lead—acid, nickel-metal hydride
(NiMH), and nickel-cadmium (Ni—-Cd). Rechargeable batteries constitute a substantial
portion of the global battery market.

The Li-ion battery stands out as the most popular and widely used rechargeable
battery, attributed to its high gravimetric and volumetric energy density, along with a
significant cost reduction over the last decade [2]. The main applications of rechargeable Li-
ion batteries include portable electronic devices, electric vehicles, and solar energy storage.
Currently, Li-ion batteries already reap benefits from composite materials, with examples
including the use of composite materials for the anode, cathode, and separator.

Lithium-ion batteries are an appealing option for power storage systems owing to
their high energy density. Despite this advantage, significant polarization during high
charging and discharging rates results in low energy efficiency [3]. This polarization occurs
due to the slow diffusion of lithium in the active material and an increase in electrolyte
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resistance with rising charging and discharging rates. Addressing these issues necessitates
the creation of nanocomposite electrode materials with extensive surface areas and brief
diffusion paths, enabling efficient ionic transport and electronic conduction.

Nanocomposites are composite materials in which one phase has nanoscale mor-
phology such as nanoparticles or nanostructures. They are multiphase materials and, at
least, the phases should have dimensions in the range of 10-100 nm [1]. Nanocomposites
involve the fusion of a larger matrix and nanoscale phases, distinguished by variations in
properties due to differences in both structure and chemistry. There are three categories
of nanocomposites classified by their matrix: ceramic matrix, polymer matrix, and metal
matrix nanocomposites. Recently, nanocomposite materials have attracted attention due to
their remarkable thermal conductivity, mechanical strength, and resistance to solvents.

Consequently, nanocomposite materials can provide ample opportunities for advanc-
ing Li-ion batteries. By manipulating these materials at the nanoscale, unprecedented
improvements in material properties can be achieved [4].

This review critically examines the advancements in research pertaining to recharge-
able lithium-ion batteries (LIBs), emphasizing the significant contributions of nanocom-
posite materials to their performance enhancement. Given the essential function of LIBs
in diverse applications—including consumer electronics, electric vehicles, and stationary
energy storage—the incorporation of innovative nanocomposite materials is poised to
tackle critical challenges such as energy density, cycle life, and charge/discharge rates.

This review outlines recent progress in various nanocomposite materials, such as
carbon—oxide, polymer—oxide, and silicon-based composites, highlighting their specific
applications aimed at optimizing LIB performance. Key findings from recent research are
presented, focusing on the enhancements in conductivity, stability, and overall efficiency
attributed to these nanocomposites. Furthermore, this review addresses the obstacles
related to the scalability and cost-effectiveness of these materials, which continue to hinder
their wider adoption.

In summary, this review highlights the promising potential of nanocomposite materials
in advancing LIB technology. It emphasizes the need for continued research and innovation
to overcome existing challenges and unlock new opportunities that could lead to significant
improvements in the performance and viability of next-generation rechargeable batteries.
By exploring the intersection of nanocomposite materials and LIBs, this work aims to
deepen understanding of their capabilities and chart future pathways for development in
this critical field.

2. Lithium-Ion Batteries

Lithium-ion batteries were introduced to the industrial marketplace in 1991 [1]. Uti-
lizing carbon and lithium cobalt oxide (LiCo0?) as the electrode’s materials. Since their
introduction, lithium-ion batteries have made significant progress in various sectors, such
as electronic devices, power sources, and energy storage devices. For that, lithium-ion
batteries are recognized currently as the prevailing choice in battery chemistry.

Batteries are generally divided into two main types: primary batteries and secondary
batteries. Primary batteries, or single-use cells, can be utilized and discharged once before
disposal. However, secondary batteries, such as lithium-ion batteries, are designed to be
cycled, allowing them to be charged and discharged repeatedly throughout their lifespan.

The lithium-ion battery pack consists of distinct modules, each containing numerous
individual cells assembled in either series or parallel configurations within the module.
These modules are subsequently assembled in a specific configuration to constitute a
complete battery pack. The number of cells depends on the battery application, and the
assembly configuration significantly influences the voltage and current output of the battery.
Specifically, the series configuration increases the voltage of the battery module, while the
parallel configuration enhances the current. Furthermore, a series—parallel combination is
employed to achieve a balance between voltage and capacity [2].
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Lithium serves as the primary material in lithium-ion batteries owing to its distinctive
chemical characteristics, making it a preferred option for battery components. Notably,
lithium is the third smallest element after hydrogen and helium, featuring only three
protons and three neutrons [5]. Being a highly electropositive material, lithium facilitates
the efficient movement of ions between the anode and cathode during the charging and
discharging processes. Additionally, this material boasts a higher energy density, signifying
its ability to store a substantial amount of energy in a compact size. Furthermore, lithium'’s
lower atomic weight contributes to its lighter nature compared to many other metals. As
a result of readily releasing its outer electron, lithium exhibits high reactivity, enabling a
smooth flow of power through a cell [6].

Nanostructured materials are used in lithium-ion storage devices because of their high
surface area, porosity, etc. These characteristics allow for introducing new active reactions,
decreasing the path length for lithium-ion transport, reducing the specific surface current
rate, and improving stability and specific capacitance. In addition, designed nanostructured
composite materials could decrease the internal resistance of lithium-ion batteries, resulting
in higher specific capacities even at high charge/discharge current rates [7].

The potential advantages of nanostructured active electrode materials can be sum-
marized: new reactions can be used that are not possible with bulk materials; a larger
electrode/electrolyte contact area, leading to higher charge/discharge rates; short path
lengths for both electronic and Li-ion transport (permitting operation even with low elec-
tronic or low Li-ion conductivity, or at higher power); etc.

There are some disadvantages, such as a more complex synthesis process for nanoma-
terials, which will increase the cost of lithium-ion batteries. Therefore, the development
of simpler synthesis methods will allow for the large-scale production of nanostructured
active materials.

Lithium-ion batteries offer a host of advantages that make them a leading choice
in energy storage technology. They exhibit remarkable specific energy, durability, and
longevity. Moreover, Li-ion batteries feature a conventional design and operate at elevated
voltage levels, further enhancing their overall efficiency and effectiveness. Table 1 presents
a comparison of lithium-ion (Li-ion) batteries with other widely used rechargeable battery
types, such as lead—acid, Ni-MH, and Ni-Cd. It emphasizes variations in specific power,
gravimetric energy density, and lifespan, while also noting the advantages and disadvan-
tages of each. The comparison shows that Li-ion batteries outperform others in terms of
energy density, lifespan, and overall performance, although they are more costly and pose
greater safety risks when compared to alternatives like lead-acid and Ni-MH batteries.
Lithium-ion batteries provide the highest energy density and extended lifespan compared
to alternative battery technologies. They demonstrate the highest level (approximately 95%)
in terms of energy efficiency, allowing for discharge rates of up to 100%. Additionally, they
exhibit a low self-discharge rate, enable rapid charging, and boast various other enhanced
performance characteristics, rendering them highly appealing [8]. However, the intricate
nature of material synthesis poses numerous challenges in the pursuit of creating new
high-energy lithium-ion batteries.

2.1. Basic Concepts of Li-Ion Batteries

The essential components of lithium-ion batteries include the cathode (positively
charged electrode), the anode (negatively charged electrode), electrolyte, separator, and
current collector. The positive electrode serves to store and release electrons during the
battery’s operation, while the negative electrode facilitates the movement of electrons [9].
The electrolyte is a conductive substance that sits between the cathode and anode, carrying
and transferring the lithium ions between both ends of the battery. The separator acts as a
barrier, preventing contact between the two electrodes. The current collector collects the
flow of electrons.
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Table 1. Li-ion battery attributes.

Battery Specific Power Gravimetric Lifespan
. _ Energy Density Strengths Weaknesses
1
Attribute (Wkg—1) (Whkg—1) (Cycles)
High energy density, high Safety concerns, restricted
Li-ion 500-2000 150-200 1500-4500 voltage operation, no p0551b}11t1es for gddltlonal size
memory effect, low reduction, and limited capacity
self-discharge; long life cycle for further improvement
Lead—acid 30-40 3040 200-300 Low ‘cost, reliable, Low e'nergy density, short
widely used lifespan, heavy
. g g g Moderate energy density, Memory effect, higher
Ni-MH 250-1000 60-120 500-1000 safer than Ni-Cd self-discharge rate
Ni-Cd 150-300 40-60 1000-1500 Long cycle life, operates in Toxic, memory effect, lower

low temperatures

energy density

Typically, the anode and cathode are always composed of different materials. The
anode is usually constructed from graphite, which is a form of carbon known for its
conductivity and stability [6]. On the other hand, the cathode is generally made of lithium
metal oxide, such as lithium cobalt oxide or lithium iron phosphate, known for their
high energy density and excellent performance. An electrolyte is a solution that transfers
ions between the anode and cathode. There are three types of electrolytes in lithium-ion
batteries: organic electrolytes, such as dimethyl carbonate, gel polymer electrolytes, such
as polyethylene oxide, and solid electrolytes, like lithium ceramic materials. Finally, a
separator is generally a porous material made of polyethylene or propylene that prevents
direct physical contact between the anode and cathode while facilitating the movement of
lithium ions between them. Figure 1 shows the components of rechargeable batteries.

Positive terminal

_.—bCu rrent collector

— Aluminium Case

— wAnode Electrode
ﬁ : ——» Separator

— | s Cathode Electrode

Negative terminal
Figure 1. Components of rechargeable batteries.

The core principles and concepts that serve as the foundation for lithium-ion batteries
derive from electrochemical mechanisms. This indicates that batteries employ a chemical
process to convert stored chemical energy into electric energy. In simpler terms, the stored
chemical energy undergoes a conversion into electrical energy. Moreover, during operation,
the chemical reaction that produces electricity can be reversed by applying an external
current [9].

Redox reactions, which involve reduction and oxidation, are crucial in the charging
and discharging mechanisms of lithium-ion batteries. These reactions can be divided into
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two halves: oxidation occurs at the anode, leading to electron loss, while reduction takes
place at the cathode, resulting in the gain in electrons. In the charging phase, lithium ions
migrate from the cathode to the anode, accompanied by electron flow in the external circuit,
generating electrical energy. Conversely, during discharging, lithium ions move from the
anode to the cathode, and electrons flow through the external circuit, releasing electrical
energy [6,9]. Figure 2 shows a schematic of the lithium-ion battery.

Separator
Anaode P Cathode
Discharging Charging
______ ' +_____
f 524
Copper current Electrolyte Aluminium current
collector collector

Figure 2. Basic working principle of a lithium-ion battery.

2.2. Electrodes Materials for Lithium lons Battery

Lithium-ion batteries are widely employed across a diverse range of applications, both
small and large, owing to their high energy density and environmentally friendly nature.
However, despite these advancements, lithium-ion batteries face certain limitations, partic-
ularly in transportation and high-energy storage applications [10]. Moreover, lithium-ion
batteries encounter challenges in low-temperature conditions, attributed to the distinctive
electronic and ionic conductivities of the anode material, cathode material, and electrolyte
solution, resulting in diminished capacity and inefficient charging. This indicates that the
effectiveness of lithium-ion batteries is substantially impacted by the selection of materials
for their principal components [11].

At low temperatures, the interaction between the anodic and cathodic materials
becomes more evident, impacting the overall conductivity and transport of ions within the
battery. Consequently, the meticulous selection and optimization of electrode materials can
enhance the effectiveness of lithium-ion batteries [10].

Generally, lithium-ion batteries utilize graphite as the anode material due to its low
cost, effective conductivity, and outstanding reversibility. Furthermore, the utilization of
graphite material comes with certain drawbacks, such as its restricted capacity and potential
safety concerns linked to the insertion of Li+ into the anode’s structure [12]. On the other
hand, the cathode, typically composed of lithium metal oxide, holds significant importance
in conventional lithium-ion batteries. It serves as the primary supplier of lithium ions
within the battery system, exerting a considerable impact on the capacity of lithium-
ion batteries. Consequently, the development of cathode materials with advantageous
attributes, including high performance, safety, and large capacity, would significantly
enhance the widespread adoption of lithium-ion batteries.

To improve the effectiveness of lithium-ion batteries under low-temperature condi-
tions, multiple approaches have been suggested, such as the development of electrode
materials [11]. Scientists are dedicated to designing materials with micro- and nanostruc-
tures, alongside composites featuring diverse morphologies, orientations, and particle
dimensions. Moreover, the optimization of lithium-ion battery performance heavily relies
on the utilization of electrode composite materials and nanocomposites.

A composite material is formed through the combination of two or more substances
characterized by distinct physical and chemical properties. This combination results in an
innovative composite material that displays enhanced qualities. A composite comprises
two primary components: the matrix and the fibre. The matrix, serving as the foundational
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substance, can be a polymer, ceramic, or metal. It functions as a continuous phase, envelop-
ing and binding the reinforcement materials. This matrix plays a crucial role in providing
support, distributing loads, and ensuring cohesion. The reinforcement, typically in fibrous
form and fashioned from materials like carbon or glass, strengthens the overall structure.
In the realm of lithium-ion batteries, composite materials refer to the amalgamation of
a lithium-ion conductive matrix material and a reinforcing substance, such as carbon or
metal oxides [13]. The matrix functions as the conduit through which lithium ions can
traverse, facilitating the seamless progression of charge and discharge cycles. Concerning
the materials used in lithium-ion electrode construction, anode composites consist of a
blend of active components like graphite or silicon. This amalgamation seeks to mitigate
volume expansion and mechanical stress and enhance cycling stability. Conversely, cath-
odes incorporate a combination of active materials, such as lithium cobalt oxide, lithium
manganese oxide, or lithium iron phosphate, with the objective of boosting the energy
density, rate capability, and overall performance of lithium-ion batteries.

Table 2 compares different Li-ion battery technologies using composite materials,
focusing on the combination of anode and cathode materials. It highlights that lithium
cobalt oxide with graphite anodes delivers high energy density but suffers from overcharg-
ing sensitivity and limited thermal stability. Conversely, when paired with lithium iron
phosphate or lithium manganese oxide, graphite anodes offer superior thermal stability
and increased safety, though at the expense of reduced energy density. This emphasizes the
need to balance energy storage, safety, and thermal characteristics when choosing materials
for specific uses.

Table 2. Comparative analysis of Li-ion battery technologies.

. Cathode Material .
Anode Material (Lithium Metal Oxide) Advantages Disadvantages
. 1 . . . Sensitiveness to overcharge, poor
Graphite Lithium Cobalt Oxide High energy density thermal stability
Graphite Lithium Iron Phosphate Excellent thermal stability Low energy density
Graphite Lithium Manganese Oxide Excellent thermal stability and Low energy density

elevated safety

Nickel Manganese Cobalt ~ High energy density, good thermal Expensive, environmental concerns

Graphite (NMCQC) stability, longer cycle life related to nickel and cobalt extraction

Composites offer significant advantages in various aspects of material performance,
outperforming single-material alternatives, particularly when compared to the isolated
use of individual elements [13]. Despite these advantages, there are some drawbacks, such
as the interface between electrode materials, which can affect the overall efficiency of the
battery. Thus, the use of nanocomposite materials emerges as an interesting solution to
address these challenges, leveraging the enhanced properties of nanoscale components to
optimize performance and mitigate the drawbacks associated with traditional composites.

In conclusion, this section has provided a foundation for understanding lithium-ion bat-
tery technology. The subsequent section will delve into the advancements in nanocomposite
materials and their role in improving the performance and efficiency of these batteries.

3. Nanocomposite Materials

Nanotechnology has been a fascinating field for researchers since the last century [14].
It is the science that deals with materials and devices at the nanometer scale [15]. At the
nanoscale, materials showcase unique chemical, and physical properties that differ from
those at the level of individual atoms, molecules, or bulk matter. These distinct charac-
teristics give rise to novel applications, opening up new possibilities in various scientific
and technological domains. A nanometer (nm) is a unit of length, 9-10 m, representing
one billionth of a meter. The technology is quantified by the scale, with 1 nm equating to
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1/1,000,000 m. Ilustratively, human hair has a thickness of 60-80,000 nm, and red blood
corpuscles measure 2-500 nm in width.

In recent years, the speedy advancement of nanotechnology has increased the signifi-
cance of studying nanocomposites for the creation of novel materials tailored for advanced
applications. A composite material, composed of multiple components with distinct mi-
croscopic characteristics, is classified as a nanocomposite when one of the reinforcing
dimensions operates within the nanoscale range [16].

Nanocomposites constitute a unique category of composites characterized by the
existence of morphological features at the nanoscale such as nanoparticles, nanotubes, or
other nanostructures within at least one of their phases. First introduced in the literature
by Blumstein in 1961 [14], these materials display a multiphasic characteristic, where at
least one phase has dimensions spanning from 10 to 100 nanometers. In contrast to their
micro-composite equivalents, nanocomposites have complex structures that are dependent
on a variety of variables, including composition, interfacial interactions, and the unique
characteristics of each component. Figure 3 shows a schematic diagram of matrix-reinforced
nanocomposite.

8@0 Jﬁ i \ @5%&

Ceo/

-..___ —]

Nanoparticle

Figure 3. Schematic diagram of matrix-reinforced nanocomposites.

3.1. Synthesis Method

A nanocomposite material is a solid material with multiple phases, where at least
one phase possesses dimensions in one, two, or three directions that are smaller than
100 nanometers [1]. Alternatively, it may have a structure with a nanoscale repeating dis-
tance between the various phases comprising the material. On the other hand, a nanocom-
posite consists of a matrix, typically a polymer, that encases and integrates nanoscale
reinforcements [14].

The creation processes of nanocomposite materials vary, depending on the intended
composition and desired properties. Numerous techniques are employed in making
nanocomposite materials, such as melt intercalation, solution blending, in situ polymeriza-
tion and sol-gel. Melt intercalation is a technique utilized in the fabrication of nanocompos-
ite materials [15]. This process entails the fusion of a polymer matrix and the incorporation
of nanoscale additives while in a molten state. It is considered the conventional approach
for producing nanocomposites with thermoplastic polymers. The fundamental concept
of this approach involves heating the matrix until it reaches a molten state, enabling the
seamless inclusion of nanoscale reinforcements, such as clay, graphene, silica nanoparticles,
or other nanomaterials. This technique improves the distribution of nanomaterials within
the polymer matrix, resulting in enhanced mechanical, thermal, and barrier characteristics.

The second method involves solution blending, a process relying on solvents where
both the polymer and pre-polymer are soluble. The ability of the polymer and pre-polymer
to dissolve causes the clay layers to swell, resulting in the separation of the layered clay into
individual layers using a solvent like water, alcohol, and toluene [16]. On the other hand,
the intercalation process is aided by annealing, where molecules undergo reorientation.
The identification of increased tensile strength and modulus provides evidence for the
development of partially intercalated material in specific instances. Essentially, this process
results in the creation of a nanocomposite with a mixed immiscible-intercalated structure.
The complete procedure generally involves three stages: first, the dispersion of clay in a
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polymer solution; second, the meticulous removal of the solvent; and lastly, the casting of
the composite film.

The third technique, known as in situ polymerization, represents a method applied for
the creation of nanocomposite materials. In this process, polymerization unfolds directly
within the material’s matrix, giving rise to the development of a polymer composite [17].
This method entails the concurrent or sequential polymerization of monomers while incor-
porating nanoscale fillers or reinforcements. A distinctive feature of in situ polymerization
is the simultaneous occurrence of the formation of the polymer matrix and the dispersion of
nanoscale fillers during the reaction. Nanoparticles, nanotubes, or nanoclays are frequently
utilized as nanofillers in this method. In a standard in situ polymerization procedure,
nanoparticles are dispersed within a monomer or monomer solution, and subsequent
polymerization of the monomer through conventional polymerization techniques results in
the creation of nanocomposite materials.

The fourth technique is sol-gel, which involves transforming a solution (sol) into a
gel-like substance and then solidifying it, resulting in the formation of a nanocomposite [18].
The sol-gel methodology proves advantageous in creating nanocomposites characterized
by controlled structures, compositions, and properties. At its core, the sol-gel method re-
volves around generating a homogeneous sol from precursor substances and subsequently
converting it into a gel. Sol-gel stands out as an exceptionally adaptable approach to
obtaining both the matrix and filler components of a nanocomposite, allowing for chemical
adjustments at the interface to optimize overall structure and properties. Furthermore, sol-
gel techniques find widespread application in the formulation of nanocomposite materials
due to the facile occurrence of these transformations with a diverse range of precursors,
and they can be executed at or around room temperature. Sol-gel chemistry enables
the formation of a diverse array of host matrices under gentle conditions, employing
cost-effective reagents.

Table 3 presents various approaches for synthesizing nanocomposites, such as melt
intercalation, solution blending, in situ polymerization, and the sol-gel process. Each
method has distinct benefits, including improved dispersion of nanoparticles and better
material properties. The choice of technique depends on the specific requirements and
intended use of the nanocomposite.

Table 3. Summary of various synthesis methods for producing nanocomposite materials.

Method Synthesis of Nanocomposite

Polymer matrix is melted, nanoscale additives are introduced into

Melt Int: lati . .. . g e
elt intercalation the molten mixture, followed by mixing, cooling, and solidification.

Nanoparticles are distributed within a solvent, accompanied by the
inclusion of polymer or matrix material. The nanocomposite
material is achieved through the evaporation of the solvent,
ensuring a homogeneous mixture.

Solution Blending

Monomers are integrated with nanomaterials, leading to
In situ Polymerization polymerization alongside the simultaneous dispersion of nanoscale
additives.

Conversion of a colloidal solution into a gel (three-dimensional
Sol-Gel Process network), followed by additional procedures such as drying and
heat treatment to produce the nanocomposite material.

3.2. Classification of Nanocomposite Materials

Nanocomposite materials belong to a category of substances wherein nanoscale fillers
or reinforcements are integrated into a matrix material. This integration leads to improved
characteristics in comparison to conventional composites [1]. Nanocomposites may be
categorized according to the dispersion matrix into two primary groups: polymeric and
non-polymeric [19]. The categorization is based on the presence or absence of polymeric
material in the composite.
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Polymer nanocomposites belong to the nanocomposite family, characterized by the
integration of reinforcements. Typically, in the form of nanoparticles or nanofibers, these
reinforcements are integrated into a matrix composed of polymers. Moreover, the collabora-
tion between the polymer matrix and the reinforcements at the nanoscale level significantly
improves the performance of polymer nanocomposites. Polymer nanocomposites have
been widely utilized due to their capacity for amenability to functional modifications and
the potential for manufacturing in diverse dimensions [20]. The synthesis of nanocompos-
ites involved the use of several polymers, such as rubber, propylene, styrene, and ethylene
vinyl acetate. Thus, incorporating polymeric components into nanocomposites contributes
to the enhancement of their mechanical, thermal, and biodegradable properties. This
integration plays a crucial role in optimizing the overall performance and sustainability of
the composite materials.

Non-polymer nanocomposite materials consist of a matrix made from metals, ce-
ramics, or carbon, which includes nanoparticles or nanofillers. These reinforcements are
distributed within the matrix to improve the overall material’s properties (mechanical,
thermal, electrical. . .). Additionally, they are often referred to as inorganic nanocomposites.
These materials can be categorized into metal-based nanocomposites and ceramic-based
nanocomposites. Metal-based nanocomposites are innovative materials that involve a metal
matrix and ceramic reinforcement. These materials fall into categories of either continuous
or non-continuous reinforced materials. They offer a range of improvements in proper-
ties compared to monolithic alloys, including super plasticity, heightened strength, and
enhanced electrical resistivity [19]. Ceramic-based nanocomposites consist of nanoparticles
or nanofibers dispersed within a ceramic matrix. The predominant ceramic component
is typically derived from oxide groups like nitrides, borides, or silicide. These materials
are characterized by enhanced toughness, increased ductility, and improved strength and
hardness. Figure 4 presents a classification of nanocomposite material based on the matrix.

Nanocomposite

Material
. Non- Polymer

Polymer Matrix y

; Matrix

Composite .

Composite
. Polymer/Layered Metal Ceramic
Polymer/Ceramic Silicate Nanocomposite Nanocomposite

Figure 4. Classification of nanocomposite materials based on the matrix.

3.3. Electrochemical Performance

The electrochemical process involves creating electricity from chemical reactions [21],
while electrochemical performance assesses how materials behave in these reactions. Eval-
uating electrochemical performance includes examining factors like specific capacity, rate
capability, energy density, power density, and conductivity. In energy storage technologies,
the efficiency of nanocomposite materials is measured by their electrochemical performance,
which can be influenced by the unique characteristics they exhibit [19].

Nanocomposite materials are essential for enhancing the electrochemical performance
of energy storage technologies, such as batteries. These materials boast promising prop-
erties, such as increased energy density or capacity compared to traditional composite
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materials. Improved rate capability enables faster charge and discharge rates [1]. Addi-
tionally, the inclusion of nanoparticles in nanocomposites influences electrical conductivity,
leading to improved efficiency in electrochemical processes.

Table 4 contrasts the performance of conventional lithium-ion batteries with those
incorporating nanocomposite materials. The table emphasizes the advantages of nanocom-
posites in mitigating issues such as electrolyte interface barriers, improving energy density,
and enhancing charge/discharge rates. By increasing the surface area and conductivity of
electrodes, nanocomposite materials contribute to superior overall performance, especially
in extreme temperature conditions and high-rate charging/discharging scenarios. This
comparison underscores the potential of nanocomposites to address key limitations of
traditional Li-ion batteries.

Table 4. Comparison between conventional and nanocomposite Li-ion batteries.

Conventional Lithium-Ion Battery Nanocomposite Li-Ion Battery (Strength)

(Weakness)
Utilizing nanocomposite electrodes prevents
At extreme temperatures, the battery the formation of an electrolyte interface barrier
electrolyte forms a strong and durable by promoting a more uniform and stable
interface barrier. interaction between the electrode and

electrolyte component.

Increased surface area contributes to high
energy density by offering more active sites for
electrochemical reactions, with additional
enhancement from improved conductivity
facilitated by nanoscale structures.

Moderate energy density limits overall
performance.

The utilization of nanocomposite materials
reduces the current distance within the
electrode material, thereby accelerating both
the recharging and discharging rates.

The significant distance the Li ion needs to
traverse within the battery’s electrode material
impacts the overall discharge rate.

After examining the fundamental properties of nanocomposite materials, we will
focus on their specific applications in the development of lithium-ion batteries.

4. Nanocomposite Materials in Li-Ion Battery Development

Lithium-ion batteries have garnered significant attention, especially with the increas-
ing demand for electric vehicles and renewable energy storage applications. In recent years,
substantial research has been dedicated to crafting advanced batteries with exceptional
conductivity, power density, and both gravimetric and volumetric energy. The electrodes
within lithium-ion batteries play a pivotal role in defining the battery’s overall performance,
lifespan, capacity, and cycle stability [22]. As a result, there is a crucial need to explore novel
electrode materials to enhance the electrochemical performance of lithium-ion batteries.
Concurrently, the integration of nanocomposite materials is a promising pathway that
holds significant potential for the progress and development of lithium-ion batteries.

4.1. Progress in Anode and Cathode Nanocomposite Materials
4.1.1. Nanocomposite Anode Materials for Li-lon Batteries

The anode electrode is considered as the most significant component of a lithium-ion
battery, playing a crucial role in the overall performance of the battery. Generally, the most
frequently used material for anode electrodes is graphite. Graphite is a crystalline form
of carbon, consisting of stacked layers of graphene where carbon atoms are arranged in a
hexagonal lattice structure. It is a pure material composed solely of carbon atoms. Graphite
possesses chemical stability within a voltage range of 2.9 to 4.5 V and is cost-effective [23].
Nevertheless, its theoretical capacity is limited to 372 mAh/g [1]. The limited capacity of
graphite does not meet the demands of rapidly advancing technology. It is imperative to
create novel materials with improved Li storage properties to address this challenge. The
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main concept involves substituting graphite, either entirely or partially, with mixed metal
anode materials.

Currently, Si (silicon) and Sn (tin) are capturing considerable attention due to their
outstanding gravimetric and volumetric capacity among various alloy anodes.

Silicon, an economical and abundant material, is widely recognized as a highly promis-
ing anode material for lithium-ion batteries (LiBs) due to its high theoretical specific capacity
and low discharge potential [20]. Additionally, it boasts an ultra-high theoretical gravimet-
ric capacity of 4200 mAh/g, surpassing that of commercially available graphite anodes
by a factor of 10 [24]. Thus, nanocomposites incorporating dispersed silicon nanoparticles
within a matrix are designed to enhance capacity and enhance cycling stability, surpassing
conventional graphite anodes. Nanocomposite materials with a foundation in silicon ex-
hibit a wide spectrum of compositions, incorporating various nanomaterials with the goal
of improving the efficiency of anodes in lithium-ion batteries.

The initial nanocomposite material is silicon—carbon nanotubes (Si-CNTs), which incor-
porate carbon nanotubes into silicon. This composite comprises carbon microcapsules that
enclose silicon nanoparticles and carbon nanotubes. Si-CNT has been fabricated through
a surfactant-mediated sol-gel technique followed by carbonization [25]. The integration
of Si-CNT microcapsules proved successful as an anode in lithium-ion batteries, exhibit-
ing noteworthy reversible capacity and coulombic efficiency of 80%. The introduction of
silica as an intermediary layer demonstrated a substantial enhancement in the capacity
retention capability of Si-CNT microcapsules [26]. A different nanocomposite material
gaining attention for anodes is silicon-graphene, where graphene, a hexagonally arranged
single layer of carbon atoms, is acknowledged for its exceptional electrical conductivity
and mechanical robustness. The incorporation of silicon with carbon materials, such as
graphene, proves attractive for augmenting the electrochemical efficiency of silicon-based
anodes. The enhanced electrochemical performance is ascribed to the supportive role of
graphene in dispersing silicon nanostructures and acting as a highly conductive framework,
facilitating efficient interaction between them. Moreover, graphene plays a vital role in
averting the expansion/contraction of volume and aggregation of silicon nanostructures
throughout the lithium charge/discharge process.

Silicon—oxide nanocomposites developed for anode electrodes in lithium-ion batteries
consist of silicon nanoparticles combined with a variety of oxide compounds. Examples of
these oxides include titanium dioxide, silicon dioxide, aluminium oxide, zinc oxide, and
cobalt oxide. These oxide materials play a crucial role in enhancing the electrochemical
performance of the resulting nanocomposite anodes [27]. The manufacturing of these mate-
rials utilizes various technologies, such as sol-gel synthesis or chemical vapour deposition.
Typically, the fabrication process involves creating silicon nanoparticles and incorporat-
ing them into an oxide matrix. The benefits provided by these nanocomposites include
improved cycling stability and higher capacity. However, the intricacies of fabrication
procedures, limited options for oxide selection, and the need to balance capacity with
structural stability pose ongoing challenges in the advancement and refinement of these
silicon-oxide nanocomposite materials for lithium-ion battery applications. The integration
of nanocomposite materials into silicone-based anodes enhances cycling stability, boosts
energy density, and accelerates charge/discharge rates in lithium-ion batteries.

On the other hand, tin nanoparticles emerge as a promising alternative for lithium-
ion battery anodes, poised to replace carbon materials [28]. This shift is attributed to
their remarkable theoretical Li-ion storage capacity, reaching 994 mAh/g, significantly
surpassing that of graphite, which stands at 372 mAh/g. Tin, a member of the carbon
family and a chemical element, exhibits soft, ductile, and highly crystalline silvery-white
metal properties [29]. To address the challenge of Sn material expansion during cycling,
nanocomposites based on Sn metal anodes have been developed [30]. These include Sn
alloy-based materials, Sn—metal oxide composites, and Sn sulphide-based materials. The
incorporation of tin with other metals to form alloys has been explored to enhance overall
electrochemical performance. Various alloying elements such as copper (Cu), silver (Ag),
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antimony (Sb), and molybdenum (Mo) can be combined with tin to create different alloy
types. The selection of alloying elements plays a crucial role in determining the final
properties of the nanocomposite.

Examples of Sn alloy-based composite anodes encompass Sn-based alloy variations
like Sn—Cu alloys, Sn—Co alloys, Sn—Al alloys, and Sn—Mo alloys [31]. The synthesis of Sn
alloy-based nanocomposites involves methods such as mechanical alloying, electrode-
position, and sol-gel processes. Additionally, incorporating nanoscale reinforcements
such as carbon nanotubes or graphene further enhances the performance of these alloy-
based nanocomposites. Metal sulphides based on tin can occur in two stable forms,
specifically, SnS, (tin selenide) and SnS (tin sulphide) [30,31]. Featuring a distinctive
two-dimensional layer structure and significant layer spacing, these materials exhibit
a high theoretical specific capacity, making them promising candidates for anode ma-
terials in lithium-ion batteries. The layered configurations inherent in tin-based metal
sulphides not only offer favourable sites for charge storage but also contribute to im-
proved electron/ion transport, thereby enhancing the efficient insertion of ions [30]. A
common strategy involves compounding Sn-based sulphides with carbon materials and
Sn-based sulphide anode materials including constructing SnS;-based heterojunctions
and forming hybrids with other Sn-based sulphides, which are promising strategies for
enhancing the electrochemical performance.

There exist two primary categories of nanocomposites featuring tin-based oxides,
namely, SnO and SnO;, both considered promising options as active anode materials for ad-
vanced lithium-ion batteries (LIBs) [32]. Tin oxides exhibit accelerated lithiation/delithiation
kinetics and significantly improved cyclability, making them potential candidates for use
in the next generation of LIBs. SnO, provides simplicity in designing nanostructures and
demonstrates a positive synergistic impact when incorporated with highly conductive
materials or transition metal oxides [31]. On the other hand, SnO-based materials exhibit
a substantial theoretical capacity [30,32]. Combining SnO with graphene or carbon ma-
terials to create hybrids represents an efficient approach for fabricating Sn-based anodes.
Furthermore, the appealing aspect of this nanocomposite material is heightened by its low
discharge potential, rendering it a more attractive choice as an anode material in lithium-ion
batteries [32].

The importance of tin (Sn) in anode nanocomposite materials for lithium-ion batteries
cannot be overstated. Its elevated theoretical capacity and adaptability in forming diverse
nanocomposites make it an indispensable component [29]. Tin’s intrinsic ability to store and
release electrical energy, coupled with its compatibility with various materials, facilitates the
creation of customized anode structures tailored to specific requirements. This multifaceted
nature positions tin nanoparticles as a key player in advancing the efficiency and versatility
of lithium-ion batteries.

Table 5 provides a comprehensive overview of nanocomposite anode materials for
lithium-ion batteries, emphasizing their characteristics, advantages, challenges, and notable
examples [33].

Table 5. Nanocomposite anode materials for Li-ion batteries.

Material Characteristics Advantages Challenges Examples
Crystalline f.orm of Chemical stability, Limited capacity
Graphite carbon with a cost-effective, widely (372 mAh/g), cannot -
hexagonal lattice availabie meet advancing
structure. ' technological demands.
Abundant material High capacity, low Volume
with ultra-hich discharge potential, expansion/contraction Si-CNT. Si—eraphene
Silicon (Si) . &1 improved cycling during cycling, N oBtaphene,
theoretical capacity ey : 3 Si—oxide composites.
(4200 mAh/g) stability in aggregation of silicon
& nanocomposites. nanoparticles.
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Table 5. Cont.

Material Characteristics

Advantages

Challenges

Examples

Carbon nanotubes with
silicon nanoparticles
encapsulated in carbon
microcapsules.

Si-CNT Nanocomposite

Improved reversible

capacity and cycling

stability, coulombic
efficiency of 80%.

Complex fabrication
process, moderate
capacity retention

without silica
intermediary layer.

Si-CNT microcapsules
with silica layer.

Excellent electrical

Si—Graphene Combines silicon conductivity, Cost of graphene, Silicon—eraphene
Nanocorli osite nanoparticles with a mechanical robustness, potential aggregation of h b%i d}s)
p raphene matrix. mitigates volume nanoparticles. Y ’
grap. g P
changes.
Silicon nanoparticles Enhanced cycling prlc?c,g;(sjzzelfii)i?tecj tcl)i?de
Si-Oxide ' combined with ox%de stability, higher material options, Si-TiOy, Sl-'A1203
Nanocomposites compounds (e.g., TiO,, . . . . composites.
Si0,, ZnO) capacity. balancing ;a{)aaty with
! ’ stability.
Soft, ductile metal with Eleyated storage Volume expansion Sn alloys (Sn—Qu,
. . . capacity, adaptable to . . Sn-Co), Sn sulphides
Tin (Sn) high theoretical - during cycling, .
capacity (994 mAh/g) form various structural degradation (SnS, SnS;), Sn oxides
P ’ nanocomposites. ’ (SnO, SnOy).
Sn comblned with Enhanced Alloying process
metals like Cu, Co, Al, . . ..
Sn—Alloy electrochemical complexity, achieving a Sn-Cu, Sn-Mo alloys
. Mo, and nanoscale . )
Nanocomposites performance, improved balance between with carbon nanotubes.

reinforcements like

structural stability.

capacity and cyclability.

CNT or graphene.
. Tin-based sulphides High theoretlcal leljied scalability, SnS% basgd
Sn—Sulphide . capacity, good potential performance heterojunctions,
. (SnS, SnS,) with . . . .
Nanocomposites electron/ion transport, degradation under hybrids with other Sn
layered structures. . . .
layered structure. high cycling rates. sulphides.
Nanostructures Accelerated Complex hvbrid
. featuring SnO and lithiation/delithiation, . P . y .. SnO-graphene hybrids,
Sn Oxide . e design, maintaining . ..
. SnO,, often combined enhanced cyclability, ; SnO, with transition
Nanocomposites . . . synergy between oxide :
with conductive low discharge . . metal oxides.
. . and conductive matrix.
materials. potential.

4.1.2. Nanocomposite Cathode Materials for Li-lon Batteries

The adoption of nanocomposite materials for the cathode of Li-ion batteries stands

out as a crucial strategy, presenting unparalleled advantages in terms of energy density,
cycling stability, and overall electrochemical performance. Generally, there are three types
of cathode materials: layered oxides, spinels, and olivines.

The first category is layered oxide, characterized by its composition of layered struc-
tures, usually incorporating transition metal oxides, along with nanoscale reinforcements.
LiCoO; (lithium cobalt oxide) is an example of this type, which is the first Li-ion chemistry
that was discovered in 1980 and subsequently introduced to the market by SONY in 1991.
On the other hand, the nanocomposite lithium cobalt oxide is essentially a composition
of LiCoO; as the matrix, coupled with nanoscale reinforcements like carbon nanotubes,
graphene, or metal oxides. Layered oxides possess Li ion diffusion channels in two dimen-
sions. Various methods, such as sol-gel synthesis, chemical vapour deposition, or physical
vapour deposition, can be employed to produce these materials [34]. Each approach pro-
vides distinct benefits in terms of regulating composition, structure, and morphology,
ultimately impacting the performance of the resultant nanocomposite material. The su-
periority of the LiCoO, nanocomposite cathode compared to bulk LiCoO, is apparent
in its enhanced rate capability. Nanostructuring has demonstrated its effectiveness in
boosting the performance of positive electrodes in lithium-ion batteries by diminishing

119



Batteries 2024, 10, 413

the diffusion distances necessary for electrons and lithium ions within nano-sized crystals
or particles. Moreover, nanocrystalline samples have exhibited a unique voltage profile
marked by a more gradual curve and the lack of a plateau during lithiation. This occurrence
was linked to the heightened importance of surface reactions, disordered structure, and
the distribution of site energy for reacting with lithium in the nanocomposite cathode.
As a result, the LiCoO, nanocomposite cathode demonstrates exceptional rate capability,
particularly under demanding high-rate cycling conditions, solidifying its prominence in
the lithium-ion battery market.

The second category is spinels, which integrates nanoscale structures with crystal
phases characteristic of spinels. Spinels belong to a group of materials characterized by
a distinct arrangement of atoms in their crystal lattice. One example of a nanocompos-
ite spinel cathode for lithium-ion batteries is lithium manganese oxide (LiMn;O4) with
nanoscale modifications. In its conventional form, LiMn,O4 functions as a spinel cathode
material. The nanocomposite material LiMn, Oy is composed of nanoscale materials or
structures, such as carbon nanotubes, metal nanoparticles, or graphene, within LiMn,Oy as
a matrix. The nanochain-structured LiMn,O4 demonstrated better performance in terms
of both rate capability and cycling stability when compared to commercially accessible
LiMn,QOy4, which consists of aggregated particles at the submicron scale [34]. LiMn;Oy is
traditionally synthesized through the solid-state reaction involving lithium and manganese
salts. Nevertheless, these methods often encounter issues like inhomogeneity, irregular
morphology, and large particle sizes. To address these challenges, wet chemical techniques,
such as the sol-gel method, are recommended for the synthesis of LiMn,O4 nanocom-
posite materials. Contrastingly, the robust structural stability and significantly enhanced
safety and environmental sustainability features have rendered spinel LiMn,Oy4 the most
appealing choice as a cathode material for both transportation and large-scale batteries.

The last category relates to olivines, a term encompassing a group of minerals dis-
tinguished by their orthosilicate crystal structure containing elements such as iron and
magnesium [1]. An example of this crystal structure is found in lithium iron phosphate
(LiFePOy4). Nanocomposite cathodes utilizing LiFePOy generally comprise a blend of
materials. LiFePO, (LFP) serves as the primary active material or matrix responsible for
supplying lithium ions, alongside nanomaterials such as carbon additives, conductive
polymers, or other relevant substances [34].

Nanotechnology has facilitated the utilization of LiFePO,4 and other metal phosphates
as positive electrodes in lithium-ion batteries. Given their inherently low ionic and elec-
tronic conductivity, the integration of nanoparticles or particles coated with nanoscale
conductive films becomes imperative to achieve the maximum charge storage capacity. Nev-
ertheless, the compelling attributes of nanostructured LFP, including its cost-effectiveness,
outstanding performance, and safety advantages, have positioned it as the preferred phos-
phate material. Consequently, it has become a focal point for extensive research and
development within the industrial sector. Nanostructured materials for the cathode of
lithium-ion batteries represent the core of significant advancements in efficient energy
storage. Surface processes and transport kinetics play pivotal roles in these fundamental
developments. Moreover, nanocomposite materials exhibit additional enhancements in
properties when compared to their individual constituent phases.

Table 6 provides a summary of the three primary categories of nanocomposite cathode
materials for lithium-ion batteries: layered oxides, spinels, and olivines [35].

4.2. Role of Nanocomposites in Electrolytes and Separators

In lithium-ion batteries, the electrolyte plays a crucial role in enabling the seamless
movement of lithium ions between the cathode and anode during electrochemical reac-
tions. Typically, electrolyte materials for lithium-ion batteries can be classified into two
categories: solid polymer electrolytes and liquid electrolytes. Solid polymer electrolytes
exhibit superior performance compared to liquid electrolytes, yet they encounter processing
challenges, primarily linked to potential toxicity issues. Despite their notable advantages,
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solid polymer electrolytes come with drawbacks such as physic-chemical incompatibility
with the anode, resulting in diminished ion conductivity [36]. Liquid electrolytes maintain
their dominance in the field of lithium-ion applications, primarily because solid polymer
electrolytes face processing challenges related to poor chemical stability and potential
toxicity. Despite the advantages offered by solid polymer electrolytes, their drawbacks,
such as physic-chemical incompatibility with the anode, contribute to a reduction in ion
conductivity, keeping liquid electrolytes as the prevalent choice.

Table 6. Nanocomposite cathode materials for lithium-ion batteries.

atego omposition vantages allenges xamples
Category Compositi Advantag Challeng E pl
Tranvs\;ittlﬁlzlgle(;cscla(izldes High energy density, Complex synthesis
. excellent rate capability, processes, potential . .
. reinforcements (e.g., . LiCoO, nanocomposite
Layered Oxides raphene. carbon reduced electron and structural disorder, with eraphene or CNTs
ian% tube,s metal lithium-ion diffusion high cost of nanoscale grap '
o distances. reinforcements.
oxides).
nggeirgsyjjilh Robust structural Inhomogeneous
nanostructures (e stability, high cycling morphology, irregular Nanochain-structured
Spinels carbon nano tube.sg.l stability, good safety, ~ particle sizes, and low LiMn,Oy4
raphene. metal ! and environmental conductivity in nanocomposite.
grap . sustainability. conventional forms.
nanoparticles).
Ori:f:ﬁfi: ((;rystal Cost-effective, safe, Inherently low Nanostructured
. & excellent thermal conductivity of base . .
.. LiFePO,) blended with . . .. LiFePOy4 with carbon or
Olivines stability, and enhanced materials, requiring

carbon additives,
conductive polymers,

ionic and electronic

nanoscale coatings or

conductive polymer
coatings.

conductivity. additives.

or nanoscale coatings.

Various types of nanocomposite electrolytes exist, one example being the incorpora-
tion of ceramic nanopowers (Al,O3, SiO,, and TiO,) into polyethylene electrolytes [36].
This addition has demonstrated an improved electrical conductivity in lithium-ion bat-
teries. The utilization of smaller particles, when compared to pure polyethylene, could
enhance dispersion. Furthermore, the integration of nanostructured additives plays a role
in enhancing the physical stability of the solid polymer structure. Nanocomposite liquid
electrolytes are a combination of liquid electrolytes with nanomaterials (graphene oxide,
carbon nanotubes, Nanostructured Ceramic Particles, and clay nanoparticles) to enhance
the overall performance and safety of LIBs. The primary objective of the nanocomposite lig-
uid electrolyte is to tackle challenges commonly linked with traditional liquid electrolytes,
notably addressing concerns related to volatility and flammability.

In a notable instance, Lij 3Alp3Tij 7(PO4)3(LATP) nanoparticles are seamlessly inte-
grated with polyethylene through a solvent thermal technique, resulting in the formation
of a solid composite electrolyte known as PEOLITFSI-LATP [37]. This amalgamation
leads to the enhancement in electrochemical properties within the polyethylene oxide
(PEO)-based electrolyte. Additionally, the exploration of methacrylate-functionalized SiO,
(MA-S5iO,) nanoparticles in cross-linked composite gel polymer electrolytes reveals a sig-
nificant improvement in cycling performance, particularly under heightened operating
temperatures.

Nanomaterials play a crucial role in electrolytes by primarily improving the mass
transport essential for the operation of lithium-ion batteries. The separator plays a crucial
role in lithium-ion batteries by effectively segregating the anode and cathode electrodes.
Simultaneously, it facilitates the movement of ions between these electrodes and promotes
essential ionic transport within the battery. Presently, the primary components of lithium-
ion separators predominantly comprise polyolefin materials, specifically polyethylene or
polypropylene. The utilization of these materials encounters various challenges, primarily
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due to their low melting points and safety concerns. Polyethylene and polypropylene
separators, in particular, exhibit relatively low melting points, with PE at 130 °C and
PP at 160 °C [38]. These low melting points pose a significant risk of battery explosions
in situations involving overheating or short circuits. Moreover, the hydrophobic nature
and limited porosity of the existing separator materials give rise to challenges such as
thermal shrinkage and wettability problems. To tackle these challenges, a practical solution
involves integrating nanomaterials into LIB separators. This can be accomplished through
the development of nanocomposites, which entail combining polymers with ceramics, or by
applying nanoceramics coated onto polymer substrates. The use of nanocomposite material
for separators improves the durability of LIB systems by reducing physical damage and
preventing ion migration via crossover.

There are various nanocomposites used as separators in lithium-ion batteries (LIBs),
such as 5iO, ceramic layers onto polypropylene (PP) separators. This application enhances
rate capability, battery safety, coulombic efficiency, and mechanical strength. Addition-
ally, it reduces thermal shrinkage. Another notable example is the Cellulose/PVDE-HFP
Composite Non-woven, which serves as an advanced separator for LIBs. It offers high
ionic conductivity, cost-effectiveness, and environmental friendliness. Furthermore, the
incorporation of a ceramic coating with tailored porosity and engineered surface area is
a common practice. Ceramic nanoparticles are coated using methods like dip-coating,
automatic machining, and sol-gel techniques.

4.3. Advancements in Nanocomposite Materials for Lithium-Ion Battery Technologies

Currently, investigations into lithium-ion batteries (LIBs) are increasingly directed to-
wards the creation of nanocomposite materials that emphasize multifunctional capabilities,
scalability, and sustainability. The advancement of gradient-structured nanocomposites
is a promising strategy for enhancing lithium-ion battery (LIB) technologies [39]. These
materials exhibit a continuous variation in composition or properties throughout their
structure, which optimizes lithium-ion diffusion pathways while simultaneously alleviat-
ing mechanical stress at the electrode-electrolyte interface. By customizing the structural
and compositional gradients, these innovative nanocomposites can significantly improve
electrochemical stability, ionic conductivity, and cycle life, thereby contributing to the
development of next-generation high-performance LIB systems [39].

The advancement of lithium-ion batteries (LIBs) is increasingly dependent on the
integration of self-healing and hybrid nanocomposites, which are essential for overcoming
significant challenges related to durability and multifunctionality. Self-healing nanocom-
posites utilize materials such as synthetic polymers or metallic structures that can au-
tonomously repair microstructural damage inflicted by mechanical stress or extended
charge/discharge cycles. This capability not only restores electrical conductivity but also
preserves structural integrity, thereby significantly prolonging the lifespan of LIBs [40]. On
the other hand, hybrid nanocomposites combine materials with complementary properties
to enhance both electrochemical and thermal performance. This strategic combination
not only increases energy storage capacity but also facilitates effective thermal regulation,
thereby reducing the risk of thermal runaway incidents [41].

Finally, the development of solid-state lithium-ion batteries (SSBs) represents a promis-
ing area for the application of nanocomposites. Solid electrolytes that incorporate both
ceramic and polymer phases exhibit exceptional ionic conductivity while retaining mechan-
ical flexibility [42]. Moreover, advanced interfacial nanocomposites designed to mitigate
dendrite formation are essential for the successful integration of high-capacity lithium
metal anodes within SSBs. These innovations are critical for enhancing the performance
and safety of next-generation battery technologies [43].

After investigating the role of nanocomposite materials in improving the performance
of lithium-ion batteries, the next section will examine the practical applications of these
advanced batteries in various industries.
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5. Applications of Li-Ion Batteries Based on Nanocomposite Materials

Nowadays, the integration of nanocomposite materials has attracted considerable
interest and stands out as a crucial breakthrough in the field of energy storage, specifi-
cally within the domain of lithium-ion batteries [44]. Rechargeable lithium-ion batteries
incorporating nanocomposite materials are widely utilized across diverse industries, revo-
lutionizing energy storage solutions. Consequently, the utilization of these materials has
transformed the realm of battery technology, heralding a new era of improved performance
and efficiency.

The integration of nanocomposite materials into Li-ion batteries has numerous appli-
cations, ranging from small energy storage devices to large-scale solutions, emphasizing
their extensive applicability across various contemporary industries. Medical Instruments,
Mobile Devices, Aerospace Applications, Renewable Energy Storage Systems, and electric
vehicles (EVs) exemplify key domains where nanocomposite-enhanced lithium-ion batter-
ies play a vital role [44]. However, in this paragraph, we will specifically delve into the
applications of Renewable Energy Storage Systems and electric vehicles (EVs), aiming to
provide a detailed examination of their utilization and advancements in these key areas.

Cutting-edge nanocomposite materials have revolutionized the field of renewable
energy storage technology, with a particular focus on lithium-ion batteries [45]. These
enhanced batteries are recognized as ground-breaking solutions for efficiently storing clean
energy, especially in solar energy systems. Lithium-ion batteries play a crucial role in
solar energy systems, serving as integral devices in this technology. They perform the
essential function of storing excess energy generated during sunny periods. Subsequently,
this stored energy is released during cloudy days or night-time, ensuring a continuous
and reliable power supply. Furthermore, these batteries contribute to achieving grid
independence, offering autonomy in energy supply, especially during grid outages. These
batteries provide a prolonged lifespan and significant energy density, offering a dependable
and resilient solution for solar energy systems.

On the other hand, lithium-ion batteries used in solar energy systems face specific
challenges, notably, cycling instability and restricted rate capability. To tackle these issues,
researchers have increasingly explored the potential of nanocomposite materials. These
innovative materials aim to improve battery performance by rectifying concerns related to
cycling stability and amplifying rate capability by optimizing electrode conductivity. Thus,
opting for lithium-ion batteries empowered with nanocomposite materials in solar systems
is a prudent choice for several compelling reasons. The incorporation of nanocomposite
technology facilitates rapid charging for solar energy systems, reducing the time needed
to replenish energy storage. This feature is especially advantageous during periods of
intermittent sunlight, ensuring quick adaptation to changing weather conditions in the
context of solar energy utilization. Further, the use of nanocomposite materials supports the
development of a more streamlined and lighter battery design while maintaining optimal
performance. This characteristic simplifies the installation process, rendering the solar
system suitable for a range of applications, particularly on residential rooftops. Therefore,
the solar system integrates nanocomposite lithium-ion batteries that utilize cutting-edge
nanoscale materials. These materials elevate the battery’s overall performance, extending
its lifespan and boosting energy density.

Nanocomposite technology not only guarantees dependable energy storage but also
promotes the sustainability and eco-friendliness of the entire system. In the pursuit of
sustainable and eco-friendly transportation solutions, the electric vehicle (EV) sector has
garnered significant attention [46]. As the demand for alternative fuel sources intensifies
due to global warming concerns and fuel shortages, lithium-ion batteries have become a
focal point for enhancing the performance of electric vehicles. The drawbacks of traditional
electric vehicles, such as long charging times and large battery sizes, can be mitigated
through the incorporation of nanocomposite materials in lithium-ion batteries. Nanomate-
rials, with their unique physical and chemical properties, hold the key to revolutionizing
battery technology. These materials, whether spontaneously formed, synthesized, or engi-
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neered for specific tasks, offer increased performance and storage capacity while reducing
the overall size of batteries.

Nanotechnology, with its ability to tailor materials to specific needs, has found ap-
plications across various sectors. In the realm of electric vehicles, nanomaterials play a
crucial role in improving battery efficiency and addressing the challenges associated with
EVs, such as long-distance travel and extended recharge periods. Lithium-ion batteries,
with their inherent advantages over traditional nickel-metal hydride batteries, benefit from
the integration of nanomaterials to enhance their performance. Nanocomposite materials,
including carbon nanotubes, titanium dioxide, and vanadium oxide, have demonstrated
the potential to optimize lithium-ion battery technology. These materials enable higher
concentrations of lithium, resulting in increased power production and improved bat-
tery capabilities. The ongoing research in electrode compositions, such as nanowires and
nanoparticles, aims to make batteries cost-effective and lightweight. Major automotive
players, like Ford Motor Company, are actively exploring nanotechnology to create lighter
vehicles, reducing energy consumption. Despite the promising strides in nanotechnol-
ogy, the research is ongoing, with a focus on reducing costs and ensuring scalability for
large-scale commercial applications.

6. Conclusions

In conclusion, the exploration of nanocomposite materials for rechargeable lithium-ion
batteries has unveiled a promising avenue for significant advancements in performance
parameters. The remarkable characteristics of lithium-ion batteries, with their widespread
applications in consumer electronics, electric vehicles, and stationary energy storage,
underscore the importance of continuous improvements in safety, cost efficiency, cycle life,
energy density, and rate capability. The integration of nanocomposite materials, including
carbon-oxide, polymer-oxide, and silicon-based nanocomposites, represents a crucial step
towards achieving these goals.

While nanocomposite materials hold great promise, challenges such as high costs
and scalability issues in commercial production still impede their widespread adoption.
Overcoming these hurdles is imperative to fully harness the potential of nanocomposite-
enhanced Li-ion batteries in various applications, including renewable energy systems and
electric vehicles.

Nanotechnology not only improves the efficiency of lithium-ion batteries but also con-
tributes to the development of eco-friendly and efficient electric vehicles. The integration of
nanomaterials in battery technologies is not only limited to performance enhancement but
also addresses environmental concerns, as evidenced by life cycle assessments conducted
by the Environmental Protection Agency (EPA).

The future of electric vehicles hinges on the continued advancements in nanocom-
posite materials, providing a path towards energy-efficient and sustainable transportation
solutions. As the automotive industry evolves, the integration of nanotechnology in
lithium-ion batteries stands as a pivotal step in the transition towards a greener and more
efficient transportation landscape.
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Abstract: Silicon-based anodes suffer from the loss of physical integrity due to large
volume changes during alloying and de-alloying processes with electrolytes. By integrating
electrochemically inert, physically strong, ductile nickel layers with a multi-layered thin-
film silicon anode, the long-life cycling of the Si/Ni/Si/Ni anode was demonstrated. A
capacity retention of 82% after 200 cycles was measured, surpassing the performance of
conventional silicon thin-film anodes. This is attributed to the effective suppression of
internal local stress induced by nonuniform volume expansion by the nickel layers. These
findings offer a promising pathway towards the practical implementation of high-capacity
silicon-based anodes in advanced lithium-ion batteries.

Keywords: lithium-ion battery; silicon; multi-layer thin film; anode; nickel; large surface
area; protective layer

1. Introduction

Commercial lithium-ion batteries currently rely on graphite-based anodes. However,
the surging demand for high-capacity energy storage solutions, particularly in electrical
vehicles [1] and other applications, necessitates a departure from conventional graphite
anodes, which exhibit a limited specific capacity of 372 mAh/g. Silicon-based anodes, with
their exceptional specific capacity of 3579 (Li;55i4)—4200 (Lip,Si5) mAh/g and relatively low
discharge potential (approximately 0.4 V vs. Li/Li*), emerge as a compelling alternative to
address this capacity limitation.

Despite their promising characteristics, silicon anodes confront several critical chal-
lenges that hinder their practical implementation. The inherent low electrical conductivity
of silicon and its substantial volume expansion (approximately 400%) during charge-
discharge cycles are particularly problematic. These factors lead to increased internal
resistance and stress [2], reduced Coulombic efficiency, and ultimately, degraded long-term
performance during cycling [3].

To address these challenges, researchers have explored various strategies. Structurally,
the use of silicon nanoparticles [4,5], nanotubes [6,7], nanowires [8,9], and thin films [10,11]
have been investigated. Additionally, surface modification techniques, such as carbon (C)
coating [12] and carbon composites [13], diamond nanoparticles (ND) [14], copper (Cu) [15],
and other materials [16,17], have been employed to mitigate the potential damage caused
by the volumetric expansion of silicon.

Multi-layer thin-film structures, such as Si-Y multi-layer thin films, as anode materials
of high-capacity lithium-ion batteries [18] deliver a high reversible capacity of 2450 mAh/g
under a current density of 0.4 C after 50 cycles. The volumetric expansion of silicon can be
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effectively suppressed by forming a Fe layer between Si layers, which was tested using the
constant charge and discharge current of 30 LA /cm? between 0 and 1.2 V at 30 °C [19].

Yang et al. [20] reported a multi-layer thin-film structure consisting of carbon/silicon/
carbon/silicon (with the outer carbon layer in contact with the electrolyte), fabricated
through magnetron sputtering. The protective carbon layers significantly enhance the
cycling stability of the silicon anode. The initial discharge specific capacity was approxi-
mately 2045.9 mAh/g, which stabilized at around 1500 mAh/g after 200 cycles, resulting
in a capacity retention rate of 85.4%. Salah et al. [21] reported silicon/tin thin-film anodes
for low- and high-power-density lithium-ion batteries.

Tzeng et al. [14] reported a multi-layer thin-film silicon-based anode with nanoscale
diamond particles as an interfacial layer and the surface layer. Diamond particles decorated
with silicon thin films result in better uniform lithium-ion flux and an improved wettability
of the anode to the electrolyte. Both effects enhanced the physical integrity of the silicon
thin-film anode and the cycling performance.

FU et al. [22] reported a multi-layer electrode made of NiO/SnO, by alternating
magnetron sputtering. Ni nanoparticles (NP) formed from NiO can lower the Li-O bonding
energy, thereby enhancing the transition reaction from Sn/Li,O to SnO,, further decreasing
the Li loss. Additionally, Ni can also enhance the conductivity and alleviate volume
expansion. The NiO/SnO, multi-layer electrode exhibits a high ICE of 92.3% and retains
~97% capacity at a low test current density. As shown in Table S1, silicon offers a much
higher specific capacity and a lower potential versus Li/Li* than tin, making it an attractive
anode material. However, the substantial volume expansion (300-400%) of silicon during
cycling compared to tin (260%) results in internal stress, which may cause structural
degradation and capacity loss. Furthermore, in their study, the maximum current density
utilized in the C-rate tests was limited to a low current density of 5 A/g. Due to the use
of oxide materials, the resistance values obtained from EIS measurements were high and
cycling performance at a high test current density left much room for improvement.

In this study, nickel was used as an interfacial layer and a surface layer in a
nickel/silicon multi-layer thin-film anode. We employed thermal evaporation to deposit
approximately 100 nm of silicon onto a copper foil substrate, followed by the deposition
of a 20 nm nickel (Ni) layer directly onto the silicon surface. This process was repeated
twice to yield a multi-layer Si/Ni/Si/Ni anode structure. The Ni layer plays a pivotal
role in this anode. As the surface layer, it prevents potential side reactions by blocking
direct contact between the electrolyte and the silicon. Additionally, it provides mechanical
strength to accommodate the volume changes of silicon during cycling. This protective
function safeguards the overall structure from damage caused by the silicon’s expansion,
thereby significantly improving the long-term cycling performance of the battery.

2. Materials and Methods
2.1. Electrode Preparation

All electrodes were fabricated through thermal evaporation to deposit thin films.
N-type crystalline silicon (99.999% purity) and a Ni slug (99.995% purity) served as the
evaporation sources, while copper foils (14 mm in diameter) were used as current collectors.

The deposition process was conducted under a background pressure of approximately
5 x 10~ torr, with a substrate temperature set at 250 °C. The deposition rate was controlled
between 0.5 and 1 nm/s.

Prior to silicon deposition, the Cu foil was thoroughly cleaned in an ultrasonic bath
using acetone, ethanol, and deionized water to remove surface contaminants. Following
this cleaning step, thin-film deposition was initiated. For the reference silicon anode, a
single 200 nm layer of silicon was directly deposited onto the Cu foil surface. In contrast,
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the Si/Ni anode was fabricated by sequentially depositing a 100 nm silicon layer and a
20 nm nickel layer. This sequence was repeated twice to form the Si/Ni/Si/Ni multi-layer
anode structure (Figure 1).

evaporation @

Ni20nm

— - - -

evaporation evaporation evaporation evaporation

Figure 1. Schematic diagram of the fabrication processes for a Si-based anode and a Si/Ni/Si/Ni
thin-film anode.

2.2. Fabrication of Coin Cells

The thin-film electrodes were assembled into CR2032 coin cells paired with lithium
metal cathodes within an argon-filled glove box. Rigorous control was maintained to
ensure oxygen and moisture levels remained below 0.3 ppm.

The electrolyte comprised a 1 M LiPFg solution dissolved in a 2:1:2 volume ratio of dimethyl
carbonate (DMC), diethyl carbonate (DEC), and ethylene carbonate (EC). Additionally, 10 wt.%
of fluoroethylene carbonate (FEC) was incorporated into the electrolyte composition.

2.3. Electrochemical Testing

Galvanostatic discharge/charge tests were performed using a BAT battery testing
system within a voltage range of 0.01-1.5 V for the half-cells under the test current density
of 0.05 mA/cm?. For the C-rate stepped tests, the current density was gradually increased
from 0.05 mA/cm? to 1.5 mA /cm? and then reduced back to 0.05 mA /cm? to evaluate elec-
trode stability under varied current conditions. Electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) analyses were conducted using an Autolab instrument
(Metrohm AUTOLAB BV, Taipei, Taiwan). EIS measurements were performed over a fre-
quency range from 0.1 Hz to 100 kHz, while CV scans were conducted at room temperature
with a scan rate of 0.05 mV/s.

2.4. Electrode Characterization

To analyze the electrode surface morphology before and after cycling, the coin cells
were disassembled within an argon-filled glove box, and the electrodes were retrieved. The
retrieved electrodes were rinsed with diethyl carbonate (DEC) to remove residual electrolyte
and air-dried within the glove box. Scanning electron microscopy (SEM, Hitachi-SU8000,
Taipei, Taiwan) was employed to examine the surface morphology of the electrode.

3. Results

Figure 2a,b present the XRD analysis showing that the elevated temperature during
deposition caused alloying reactions between Cu and Si, as well as between Si and Ni,
leading to the formation of alloy layers. Figure 2b shows a magnified XRD spectrum of
Figure 2a to display the weaker signals. These alloy layers significantly improved interfacial
contact between layers, functioning as an “alloy binder” to enhance the overall bonding
strength of the materials. The lack of a distinct Si signal in the XRD pattern is likely due to
the amorphous nature of the silicon.
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Figure 2. XRD analysis of (a) a Si anode and a Si/Ni/Si/Ni thin-film anode; (b) magnified intensity
of a Si/Ni/Si/Ni thin-film anode.

Figure 3a,b present scanning electron microscopy (SEM) images of a silicon thin-film
anode and a Si/Ni/Si/Ni multi-layer thin-film anode, respectively. The Si thin-film anode
(Figure 3a) exhibits a nonuniform surface morphology. The Ni top layer (Figure 3b) formed
relatively uniform semispherical structures and numerous pores in between and, thus,
facilitated more uniform lithium-ion transport. Because nickel and its compound are
more ductile than silicon, the surface passivation layer may enhance the physical integrity
of the anode. This enhanced surface area with special structures improves the contact
area between the electrolyte and the anode [23], facilitating efficient lithium-ion transport
under a high current density [24]. Additionally, a uniform and rough surface enhances the
adhesion between the solid electrolyte interphase (SEI) and the anode, reducing interfacial
resistance to charge transport and contributing to an improved overall performance.
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Figure 3. SEM images of the top view of (a) a Si thin-film anode and (b) a Si/Ni/Si/Ni thin-film anode.

Figure 4a,b show the cyclic voltammetry (CV) profiles of the electrodes, where the
cathodic and anodic peaks correspond to lithium-ion insertion and extraction processes,
respectively. The high degree of overlap in the 5i/Ni/Si/Ni thin-film anode’s CV curves
after the first cycle indicates the excellent cycling stability and high reversible capacity
of this anode. The oxidation peaks observed at approximately 0.3 V and 0.51 V (detailed
values are provided in Table S2) during the de-alloying process are attributed to the phase
transition from LixSiy to amorphous silicon. The delithiation process of LixSiy is typically
a multi-step process. Peak A at 0.3V might correspond to the gradual transition from
high-lithium-content alloys (such as Lij55i4 and Liy,Sis) to lower-lithium-content phases
(such as Lij3Sis and LiySiz). At peak B at 0.51V, the structure gradually transformed into a
low-lithium-content silicon phase (Li3 755i) or amorphous silicon.
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Figure 4. CV curve of (a) a Si thin-film anode and (b) a Si/Ni/Si/Ni thin-film anode; charge—
discharge curves of different cycling numbers for the (c) Si thin-film anode and (d) the Si/Ni/Si/Ni
thin-film anode.

During alloying, lithium ions were inserted into amorphous silicon, resulting in the
formation of different amorphous L;Siy phases at around 0.03 V and 0.19 V, as indicated
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by the two reduction peaks. At peak D of 0.19 V, Li;,Siy was formed. Higher Li phases
(such as Lij5Siy, Lip; Sis) were formed at peak C at approximately 0.02V [25].

LixSiy — xLi* + e~ +ySi (1)

xLi* + e~ 4 ySi — Li\Siy ()

As shown in Figure 4c,d, the first cycle charge capacity of the Si thin-film anode
(3438 mAh/g) was nearly 1.5 times that of the Si/Ni/Si/Ni thin-film anode (1992 mAh/g)
(Figure 4d). The reduced capacity in the Si/Ni/Si/Ni anode can be attributed to the
presence of Ni layers, which have a higher density (8.9 g/cm?) than Si (2.33g/ cm?). The
increased mass loading of Ni reduced the overall specific capacity.

The Ni interfacial layer and the surface layer play significant roles in stabilizing the
thin-film Si anode. Zhang et al. reported that a silicon anode having been subjected to
prolonged exposure to high potentials led to the formation of a soft and thick SEI layer
and made it more prone to cracking after multiple cycles of charging and discharge [26].
Figure 4c,d, show that a slow decline of the first-cycle lithiation curve for a thin-film Si
anode is correlated with the substantial growth of a thick SEI layer on the Si thin-film
anode. SEI formed by reactions of Si with the electrolyte is mostly irreversible. This gradual
voltage drop during the initial lithiation stage is attributed to the significant lithium-ion
consumption, which is required for the substantial SEI formation and buildups. This slow
decline is in clear contrast with the fast decline of the first-cycle lithiation curve for a
Si/Ni/Si/Ni anode, which exhibits a much thinner SEI.

Joshi et al. showed that transition metals accelerate the growth of inorganic com-
ponents within the SEI layer [27]. Inorganic phases exhibit high elastic moduli [28], and
contribute to a more mechanically robust SEI layer, which suppresses crack formation
and reduces the exposure of new silicon surfaces. Excessive growth of the SEI on fresh
silicon surfaces is, thus, minimized. Moreover, the intermetallic compound formed by Ni
with Si acts as a binder to prevent silicon from cracking and an electrochemically inactive
passivation layer for protecting silicon from reactions with the electrolyte. This inactive
interlayer does not participate in electrochemical reactions with the electrolyte and remains
dimensionally stable during repeated electrochemical cycling [29], further improving the
physical integrity of the Si/Ni/Si/Ni anode and enhancing the long-term stability.

Figure 5a illustrates the cycling performance of two anodes over 200 cycles. The Si
thin-film anode achieved a higher initial Coulombic efficiency (ICE) of 82.6% but suffer-
ed substantial capacity fading and retained only 18.7% of its initial capacity after 200
cycles (645 mAh/g). This corresponds to a capacity decay rate of 0.41% per cycle. In
contrast, the Si/Ni/Si/Ni thin-film anode (ICE = 82.2%) exhibited a lower initial capacity
but exceptional cycling stability and retained 82% of its capacity after 200 cycles (1647
mAh/g) with a significantly lower decay rate of 0.09% per cycle. The superior cycling
performance of the Si/Ni/Si/Ni anode can be attributed to the dual function of the Ni
layer, which acts as an electrochemical barrier for preventing direct contact between Si and
the electrolyte, while also providing mechanical support to mitigate Si volume changes
during cycling, thereby preserving the electrode’s structural integrity.

Figure 5b presents the C-rate step testing results for the Si and Si/Ni/Si/Ni thin-film
anodes. The pristine silicon thin-film anode exhibited a significant capacity reduction of
67% (from 3457 mAh/g to 1120 mAh/g) as the current density increased from 0.25 mA /cm?
to 1.5 mA/cm?. In comparison, the Si/Ni/Si/Ni multi-layer anode demonstrated a smaller
capacity decrease of 49.6% (from 1959 mAh/g to 985 mAh/g). This result highlights the
effectiveness of the nickel layers in enhancing the electrode’s surface area and uniformity,
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enabling faster and even lithium-ion insertion and extraction during high-rate cycling and
improving the high-rate performance.

2

AR T @@

e e TR

“L“L‘SS’_&“’_L‘“ %

Specific Capacity (mAh/g)
Coulombic efficiency (%)

1 = Sithin film anode
¢ Si/Ni/Si/Ni thin film anode
0 T T T T T T T T "

0 40 80 120 160 200

Cycle number
(b) 4000 - L U o 100
CEEFERRRRE R O R RS PR ey, PR TR A R ppornap

ﬂ -

=5 3000 4 ""-\-,_h. 0.05 S
= mA/cm? | =
2

g e ."‘"'h.,__ 0.05 Z
= 0.(‘)3 ) mA/em2 [~ 60 é
S mA/cm2 g1 esssssstes =
2 2000
g o o 02, >
) ﬁmp mA/cm 0.5 1 | .0 ER
_;‘_%_ oasees . mA/cm? mA/em? 45 S
2 mA/cm? =
5 1000 — ===n 5

= Sithin film anode 20

¢ Si/Ni/Si/Ni thin film anode

0 - T T T T T T T T T T T T T T T ™ 0
0 10 20 30 40 50 60 70 80

» Cycle number

Figure 5. (a) Cycle performance of a Si thin-film anode and a Si/Ni/Si/Ni thin-film anode under test
current density of 0.05 mA /cm?; (b) C-rate performance of a Si thin-film anode and a Si/Ni/Si/Ni
thin-film anode.

When the current density returned to 0.05 mA/cm?, the Si/Ni/Si/Ni thin-film anode
(2076 mAh/g) outperformed the pristine silicon thin-film anode (1823 mAh/g). This
confirms that the Si/Ni/Si/Ni multi-layer structure not only suppresses the adverse effects
of volume changes but also provides enhanced protection and stability for the electrode.

As depicted in Figure 6a, for the Si thin-film anode, the electrochemical reaction
appears uneven, leading to the detachment of the Si film from the current collector. Further
evidence is shown in Figures 52 and S3. In contrast, the Si/Ni/Si/Ni thin-film anode
(Figure 6b) exhibits uniform electrochemical reactions. The Ni layer effectively improves
the uniformity of Li-ion transport and maintains the physical integrity of the anode.

Figure 7a demonstrates the distinct multi-layer structure of the Si/Ni/Si/Ni thin-film
anode, with a total thickness of approximately 321 nm. Figure 7b shows the cross-sectional
SEM image of the Si/Ni/Si/Ni electrode after 100 cycles of discharge and charge operations
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under a high current density. Although some localized uneven expansion of the silicon
layer was observed, the overall structure remained intact. This indicates that the nickel layer
successfully mitigated the stress induced by the volume changes of silicon during cycling.

(a) (b)

.ocm 1.0c

Figure 6. Optical microscope images of (a) an anode made of Si thin film and (b) an anode made of
multi-layer Si/Ni/Si/Ni structure after 100 cycles of charge—discharge.

As

:321nm

v

Figure 7. SEM cross-sectional images of Si/Ni/Si/Ni thin film anode (a) before and (b) after 100 cycles
of discharge and charge operations under 1 mA/cm?.

Figure 8a—c show that the surface of the Si thin-film anode developed significant
cracks after 200 cycles. As depicted in the magnified view in Figure 8b,c, these cracks had
widths of approximately 4-5 um. Their formation is attributed to the substantial volume
changes of silicon during alloying and de-alloying with lithium. The volume changes
generate internal stress. These cracks increase the electrode’s surface area, accelerating
side reactions, causing the anode to lose electrical contact with the current collector and
between neighboring silicon islands. This hinders electron transport as well as lithium-ion
transport, leading to a declining capacity.

Figure 8d—f shows that the surface morphology of the Si/Ni/Si/Ni thin-film anode
remained relatively smooth overall, with localized cracks approximately 1 um wide. While
the Ni layer effectively mitigates large-scale crack formation, nonuniform lithium-ion
transport can still cause stress concentration in certain regions, leading to small cracks.
These cracks were primarily confined to specific “hotspots”, accounting for about 6% of the
total surface area. Although limited in quantity, these cracks could accelerate electrolyte
decomposition and gradually grow larger, with more cracks causing the long-term decline
of the capacity.

X-ray photoelectron spectroscopy (XPS) analysis was used to examine the surface
chemical composition. The protective role of the Ni layers and the composition of the solid
electrolyte interphase (SEI) are emphasized in the analysis.
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Figure 8. SEM images of a Si thin-film anode at (a—c) different magnifications after 200 cycles; SEM
images of a Si/Ni/Si/Ni thin-film anode (d,e) displayed after different magnifications; (f) shows a
different spot from that shown in (e) after 200 cycles.

Figure 9a,b show the C 1s XPS spectra, where the peak at 284.7 eV corresponds to C-C
bonds, indicating conductive carbon, and the peak at 285.9 eV corresponds to CO3, which is
typically attributed to electrolyte decomposition. The Si/Ni/Si/Ni thin-film anode shows
a notably lower peak intensity at 285.9 eV compared to the Si thin-film anode, highlighting
the Ni layer’s effectiveness in suppressing electrolyte decomposition and reinforcing its
role as a protective barrier [30].
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Figure 9. (a,b) C 1s and (c,d) F 1s X-ray photoelectron spectroscopy (XPS) spectra for two different
electrodes after 200 cycles of charge and discharge.

Figure 9¢,d show the F 1s XPS spectra, with a peak at 687 eV corresponding to PF4~
and another at 685 eV corresponding to LiF [31,32]. The presence of LiF, a common
inorganic SEI component, indicates SEI formation on the electrode surface. Known for
its excellent mechanical stability, LiF suppresses electrolyte decomposition and enhances
interfacial stability, thereby improving the cycling performance [33,34]. The higher LiF
content observed in the Si/Ni/Si/Ni thin-film anode compared to the Si thin-film anode
suggests that the Ni layer facilitates the formation of a more stable SEI, contributing to
superior cycling stability.

Figure 8a illustrates significant cracks in the Si thin-film anode after cycling. The EIS
analysis shown in Figure 10 indicates that these cracks contributed to an increase in both
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the internal resistance (R1) and charge transfer resistance (R2). As Table 1 shows, the Si thin-
film anode had a larger R1 and R2. This is attributed to the enlarged electrode/electrolyte
interfacial area caused by cracks, which accelerate the side reactions and additional growth
of the SEI, and impede efficient Li-ion transport. Warburg Resistance (WR), which is the
solid-state diffusion resistance for the silicon anode, was also larger than that of multi-layer
Si/Ni/Si/Ni anode. This is attributed to the large surface area of the electrochemically
inactive Ni layer, which results in a more stable SEI and enhances the electrode integrity.
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Figure 10. (a) The Nyquist plots comparing the impedance spectra of Si and Si/Ni/Si/Ni thin-film
anode after 200 cycles; (b) the equivalent circuit model used to fit the impedance data.

Table 1. Comparative fitting results of EIS spectra for a Si thin-film anode and a Si/Ni/Si/Ni thin-film
anode after 200 cycles of electrochemical cycling.

Sample/Resistance R1(Q?) R2(0Y) WR(Q)

Si/Ni/Si/Ni
thin-film anode 7.5 21.3 32.2
Si thin-film anode 13 32.9 59.7

4. Conclusions

A Si/Ni/Si/Ni multi-layer anode was studied. The Ni top layer (Figure 3b) formed
relatively uniform semispherical structures and numerous pores in between and, thus, fa-
cilitated more uniform lithium-ion transport and prevented a local high lithium-ion current
density and internal stress due to the irregular volume changes of the silicon. Because nickel
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and its compound are more ductile than silicon, the nickel-based surface passivation layer
may enhance the physical integrity of the anode. The electrochemically inert nickel layer
and the compounds it forms during cycling act as a protective barrier, preventing direct
contact between the electrolyte and the silicon while suppressing undesirable side reactions.
Therefore, the multi-layer anode with an interlayer and a surface layer of nickel effectively
accommodates silicon’s substantial volume changes during charge and discharge cycling
and enhances the battery’s cycle life. The multi-layer anode demonstrated a significantly
improved capacity retention of 82% after 200 cycles of charge-discharge. The Si/Ni/Si/Ni
anode also demonstrated superior performance in C-rate tests compared to the Si anode
under a high test current density.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries11020046/s1, Table S1: Comparison of Si- and Sn-based
material [35]. Table S2: Detailed peak values in CV curves; Figure S1: (a) SEM image and images of
(b) Si EDS mapping and (c) Ni EDS mapping of a Si (100 nm)/Ni (20 nm)/Si (100 nm)/Ni (20 nm)
anode; Figure S2: SEM cross-sectional image of Si (200 nm) anode before cycling; Figure S3: Cross-
sectional EDS element content of Si (200 nm) anode after 100 cycles under 1 mA/ cm?. Figure S4:
Cyclic performance of Si (200 nm), Si (200 nm)/Ni (20 nm), Si (100 nm)/Ni (20 nm)/Si (100 nm)/Ni
(20 nm), Si (66 nm)/Ni (6.6 nm)/Si (66 nm)/Ni (6.6 nm)/Si (66 nm)/Ni (6.6 nm), and Si (100 nm)/Ni
(10 nm)/Si (100 nm)/Ni (10 nm) under 0.05 mA /cm? test current. Figure S5: Cyclic performance of
Si (100 nm)/Ni (10 nm)/Si (100 nm)/Ni (10 nm) with different Si thickness under 0.05 mA /cm?.
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Abstract: Silicon-based anode materials are used to improve the performance of next-
generation high-energy-density lithium-ion batteries (LIBs). However, the inherent limita-
tions and cost of these materials are hindering their mass production. Commercial graphite
can overcome the shortcomings of silicon-based materials and partially reduce their cost.
In this study, a high-performance, low-cost, and environmentally friendly composite elec-
trode material suitable for mass production was developed through optimizing the silicon
content of commercial silicon-graphite composites and introducing a small amount of
graphene and carbon nanofibers. This partially overcomes the inherent limitations of
silicon, enhances the interface stability of silicon-based materials and the cycle stability of
batteries, and reduces the irreversible capacity loss of the initial cycle. At a silicon content
of 15 wt%, the initial Coulombic efficiency (ICE) of the battery was 65%. Reducing the
silicon content in the composite electrode from 15% to 10% increased the ICE to 70% and im-
proved the first lithiation and delithiation capacities. The battery exhibited excellent cycle
stability at a current density of 0.1 A g~ !, retaining approximately 65% of its capacity after
100 cycles, good performance at various current densities (0.1-1 A g~ !), and an excellent
reversible performance.

Keywords: lithium-ion batteries; silicon; graphite; anode materials; commercialization

1. Introduction

With the continuous advancement of science and technology and the increasing de-
mand for clean energy, lithium-ion batteries (LIBs), which are efficient and environmentally
friendly energy storage devices, have become an important part of the future energy field.
LIB technology is continuously evolving to meet the demands of the growing electric
vehicle and renewable energy markets [1,2]. However, LIBs that use traditional graphite
anodes can no longer meet the increasing requirements of a high energy density, power
density, and safety performance, owing to the low capacity of graphite (372 mAh g 1).
Therefore, it is important to develop high-capacity electrode materials. Silicon (Si) has
attracted considerable attention as an electrode material owing to its high specific capacity
(approximately 4200 mAh g~!), low charge and discharge potential (<0.4 V vs. Li/Li"),
environmental friendliness, and abundant reserves. It is considered the most promising

Batteries 2025, 11, 115 https://doi.org/10.3390/batteries11030115
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among the new generation of negative-electrode materials. Nevertheless, the alloying and
dealloying reactions of Si materials during the charge—discharge process are accompanied
by huge volume changes (>300%), causing damage to the electrode structure, the pulver-
ization of Si particles, the repeated formation of the solid electrolyte interface (SEI), and the
shedding of the active materials during the cycle, leading to a considerable decrease in the
performance of the Si anode. In addition, the inherent low electrical conductivity of Si particles
(107> S em 1) and slow lithium-ion (Li*) diffusion kinetics (10-14 cm~2 S~1) greatly hinder
the widespread application of Si materials in high-capacity LIBs [3-5]. Therefore, reducing
the internal stress caused by volume expansion and improving the ionic conductivity of the
material to achieve long-term cycle stability present urgent research challenges.

To address the above challenges, new modified Si-based anodes were synthesized.
These materials are constructed with (1) various nanostructures and voids in the Si main
body to relieve internal stress and accommodate huge volume changes, and with (2) three-
dimensional structures to form effective channels for Li* transmission, shortening the
Li* diffusion length and improving the Li* diffusion kinetics [6,7]. Depositing Si layers
on carbon surfaces to construct porous Si-C anodes with carbon nanotubes embedded
into micron-size Si and Si-active materials incorporated into carbonaceous products has
been extensively studied because carbon materials can minimize electrode deformation
and considerably increase Si conductivity [8-10]. Researchers have extensively worked
toward improving the performance of Si-based batteries. However, several challenges
that hinder their use in practical applications arise when moving these batteries from
the research phase to the production phase. For instance, high material costs and high
technical difficulties have become major problems. The relatively high production cost
needs to be effectively solved to meet the needs of large-scale commercial production,
and the complexity of the preparation process requires us to continuously improve the
structural and electrochemical stability of the material to overcome the technical difficulties.
Previous studies have mainly focused on developing new materials and improving existing
material structures. However, the battery cycle life, safety, and cost challenges still hinder
the use of these materials in commercial applications. In the face of these challenges, future
research could focus on reducing costs, optimizing processes, and improving stability,
thereby promoting the industrialization of silicon—carbon negative-electrode materials. The
development of a high-performance LIB-negative electrode that can be mass-produced
remains a significant research challenge [11-13].

Herein, we consider the challenges hindering the use of Si-based batteries in practical
applications, discussing, in particular, practical battery designs with improved electrode
expansion. The development path of silicon-based negative-electrode materials mainly
revolves around silicon—carbon and silicon-oxygen composite materials. The preparation
of silicon—carbon negative-electrode materials is simple and can be achieved via a range
of methods (chemical vapor deposition (CVD) method, mechanical ball-milling method,
spray method, magnesium thermal reduction method, sol-gel method, and thermal decom-
position method). This material has an excellent theoretical capacity, and could effectively
improve the energy density of batteries, so it is widely used. Graphite is widely used in
silicon—carbon negative-electrode materials. Graphite is a low-cost commercial carbon ma-
terial with a high tap density, low surface area, and stable physical and chemical properties,
and can considerably reduce the unnecessary decomposition of the electrolyte on the elec-
trode surface while maintaining satisfactory anode integrity. M.G. et al. [14] investigated
the relationship between the percentage of Si in a graphite anode and the realization of
high-energy-density LIBs. They found that when the electrode composition was Sil5Gr7s,
the cell delivered a high ICE of approximately 82.9%, nearly equivalent to that achieved
with a pure graphite anode. Furthermore, the Sij5Gr7s Li cell exhibited excellent cyclic sta-
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bility at a current rate of 0.5 C, retaining approximately 60% of its capacity after 215 cycles.
This study paves the way for the development of high-energy-density LIBs by providing
valuable insights into the optimization of Si-Gr composite anodes for commercial appli-
cations. Owing to the low expansion rate (<20%) and small free space of graphite-based
batteries, an acceptable energy density can be achieved despite their low theoretical specific
capacity. However, owing to the larger electrode expansion of Si-based batteries, they
require a larger free space than graphite batteries, which reduces the energy density and the
advantage of the high specific capacity of Si-based anodes [15-17]. Therefore, designing a
composite anode by introducing Si-carbon nanomaterials into a mature graphite backbone
could be an effective method for mitigating the inherent shortcomings of Si-based and
graphite-based anodes and obtaining a satisfactory specific capacity and cycle stability.
Graphene is considered an efficient coating material for preparing LIBs owing to its unique
structure, high electrical conductivity, high theoretical surface area, and other exceptional
properties, providing it with significant potential for energy storage applications. Coating
silicon with graphene can slow down the volume change of silicon and form a stable
SEI film. However, the introduction of graphene presents another challenge. During the
electrode preparation process, the graphene layers can be easily stacked, and it is difficult
to ensure the uniform dispersion of the Si nanoparticles (SiNPs) on the graphene surface.
The insufficient interpenetration of Li* between the graphene layers causes the diffusion
distance of Li* through the graphene interlayer channel to increase with the superposition
of the electrode size, reducing the Li* storage performance of the graphene electrode. We
discovered that carbon nanofibers (CNFs) can be used to overcome this challenge. CNFs
have sp? hybrid orbitals and a large specific surface area, and they exhibit excellent con-
ductivity, chemical stability, heat resistance, and electrical conductivity, allowing their use
in numerous fields [1,11,18-20]. Moreover, CNFs have excellent flexibility and structural
stability, which can mitigate the Si—graphite negative-electrode problem. In contrast to
previous studies, we are focusing on shifting the research on Si-graphite anodes toward
practical applications to help achieve the widespread application of Si-graphite anodes in
the next generation of mass-produced LIBs.

Herein, a low-cost, environmentally friendly, safe, stable, and high-performance Si-
graphite composite electrode produced through a low-cost and simple synthesis process is
proposed. In this study, SINPs were evenly dispersed in an ethanol solution and combined
with graphene oxide (GO) through simple physical processes and self-assembly. Next,
a small amount of CNFs were dispersed in the mixture to form a multi-channel three-
dimensional structure. Finally, the Si@carbon system was introduced into the graphite
main chain to form a Si-graphite composite material. The final product was then obtained
through multiple processes, such as drying and carbonization. This synthesis strategy
does not involve an acid-base treatment, the use of various organic solvents, or a complex
synthesis process. Thus, it reduces environmental pollution and experimental costs, avoids
adverse effects on the human body, and improves the material performance.

2. Materials and Methods
2.1. Preparing Ni-Mo Binary Catalyst for the Synthesis of CNFs via Chemical Vapor Deposition

Ni-Mo (molar ratio = 6:4) bimetallic catalysts were prepared for the synthesis of CNFs
using a coprecipitation method. Aqueous solutions A (nickel nitrate + aluminum nitrate)
and B (ammonium molybdate) were thoroughly mixed. Next, the obtained mixture was
combined with aqueous solution C (ammonium carbonate), added to distilled water in
a dropwise manner, and stirred at room temperature and pH =~ 9.0 until a precipitate
was formed. The obtained solution containing the precipitate was vacuum-filtered and
oven-dried at 100 °C for 24 h. The dried precipitate was then ground and collected as a
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powder to be used as a metal catalyst for the synthesis of CNFs. Details of the method used
to prepare the catalyst are shown in Figure S1. Aluminum nitrate was used as a support
for the transition metal catalyst, ammonium molybdate was used to inhibit the aggregation
of the transition metal particles between particles during the reaction at high temperatures,
and ammonium carbonate was used as a precipitant.

The CNF synthesis method is shown in Figure S1. Acetylene (CoHy), Hy, and Ar gases
were used as the carbon source to synthesize the CNFs, promoting the production of gas
and carrier gas, respectively. The prepared Ni-Mo catalyst powder was spread evenly on a
quartz boat and placed in a tube furnace reactor. The temperature was then increased to
700 °C at a rate of 10 °C min~! while maintaining the Ar gas flow. After reaching the target
synthesis temperature, the Ar gas was replaced with H, /Ar mixed gas (10%) to reduce the
catalyst for 30 min. Next, C,H; gas and the H, /Ar mixed gas were passed to the reactor
for 1 h. Finally, the reduced metal catalyst was slowly cooled to room temperature while
eliminating the supply of other gases and maintaining the Ar gas flow.

2.2. Synthesis of the Si@G/CNF/Graphite Composites

The process used to synthesize the Si@G/CNF/graphite composites is shown in
Figure 1. SiNPs (20 mg, APS < 50 nm, 98%, Alfa Aesar, Inc., Ward Hill, MA, USA) were
uniformly dispersed in ethanol (200 mL) by sonication for 2 h. Then, GO solution (40 mL,
NO002-PS, 0.5%, Angstron Materials, Dayton, OH, USA) was added to the above solution
under vigorous magnetic stirring for 1 h. The mixed dispersion was then sonicated for 2 h
to obtain the Si/GO mixture. Next, CNFs (0.2 g) were added to the mixture under stirring
for 1 h and then sonicated for 2 h to obtain a stable Si/GO/CNFs dispersion. A certain
amount of graphite (powder, <20 um, synthetic, Sigma-Aldrich, St. Louis, MO, USA) was
mixed into the dispersion under magnetic stirring, and the mixture was then sonicated for
2 h. The resulting composites were collected via centrifugation and dried at 80 °C for 24 h
in a vacuum oven. The final product was transferred to a quartz tube furnace and heated
to 700 °C at a rate of 10 °C min~!, and the argon atmosphere flow was maintained for 5 h
to obtain thermally reduced Si@G/CNEF/graphite composites to be used as anode-active
composite materials for LIBs (Figure 1).

dispersion

dispersion I

* Thermal reduction

Stirring Filterring

Graphite Si@rGO/CNFs/Graphite Si@G/CNFs/Graphite

Figure 1. Schematic of the fabrication process of Si@G/CNF/graphite.

To optimize the electrochemical properties of the obtained materials, the mass ratio
of graphite to the Si/G/CNF composite was changed, and the same method was used to
prepare the Si@1-G/CNEF/graphite (15:75, wt%) and Si@2-G/CNEF/graphite (10:80, wt%)
composite materials shown in Table 1.
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Table 1. Description of the as-prepared Si@n-G/CNF/graphite samples.

No Sample Code Si (wt%) GO CNF Graphite Conducting Binder
’ Si@n-G/CNF/Graphite ? (wt%) (Wt%) (wt%) Carbon (wt%) (wt%)
1 Si@1-G/CNEF/graphite 15 15 15 45 5 5
2 Si@2-G/CNEF/graphite 10 10 10 60 5 5

2.3. Material Characterization

The surface morphologies and microstructures of the Si@G/CNF/graphite com-
posites were characterized using field-emission scanning electron microscopy (FE-SEM,
5-4800, Hitachi, Tokyo, Japan) and high-resolution transmission electron microscopy
(HR-TEM, JEM-2100, JEOL, Tokyo, Japan). The qualitative and quantitative analyses
of the elements in the prepared samples were performed using energy-dispersive X-ray
spectroscopy (EDS) mapping (ARL-3460, Thermo Fisher Scientific, Waltham, MA, USA).
The sample composition and crystal structure were characterized using powder X-ray
diffraction (XRD, Ultima IV, Rigaku, Tokyo, Japan) with a 2 kW system and Cu-Ku« ra-
diation (K = 1.5418 A) at a 20 range of 2-90°. Raman spectroscopy was conducted on a
LABRAM HR-800 (Horiba Jobin-Yvon, Paris, France) with a laser light (A = 514 nm) in the
wave number range of 100-3000 cm~!. The Si, reduced GO (rGO), CNFs, and graphite con-
tents in the composites were determined using thermogravimetric analysis (TGA, Diamond
TG-DAT 8122 thermal analyzer system, Perkin Elmer, Waltham, MA, USA). In this test, the
samples were heated from 25 °C to 800 °C at a rate of 10 °C min ! under air atmosphere.
Fourier-transform infrared spectroscopy (FTIR, Nicolet 6700 FTIR spectrophotometer, Nico-
let, Madison, WI, USA) was used to analyze the changes in the surface functional groups of
the samples, employing KBr pellets tested in the frequency range of 4000-500 cm~!. The
chemical bonding states were determined using X-ray photoelectron spectroscopy (XPS,
Multilab-2000, Thermo Fisher Scientific, Waltham, MA, USA) with a twin anode and Al-K«
radiation as the X-ray source.

2.4. Cell Fabrication and Characterization

The anode slurry was prepared by dissolving the appropriate weight ratios of the
active material (Si@G/CNF/graphite, 90 wt%), conductive carbon (Super P, 5 wt%), and
the binder (polyvinylidene fluoride, 5 wt%) in N-methyl pyrrolidone solvent. To achieve
a homogeneous mixture, the resulting viscous liquid was thoroughly stirred. Next, the
slurry was cast onto a copper (Cu) current collector foil (thickness = 11 um) and dried in
a heating oven at 80-100 °C for 12 h. The dried electrode sheet was then punched into
circular electrodes (diameter = 14 mm) for further processing. The cathode slurry was
prepared in an N-methyl pyrrolidone solvent by incorporating the requisite quantities of
the active material, conductive carbon (Super P), and the binder (PVDF). The slurry casting
procedure and subsequent steps were the same as those used for the anode. Similarly, the
dried cathode sheet was punched into electrodes (diameter = 14 mm) for cell assembly and
electrochemical evaluation.

For the electrochemical characterization, coin-type (CR2032) button cells were assem-
bled in an argon-filled glovebox with oxygen at a moisture level of less than 0.5 ppm.
In the half-cells, Si@G/CNF/graphite acted as the working electrode, and lithium metal
was used as both the counter and reference electrodes. A LiPF6 solution (1 M) dissolved
in a mixture of ethylene carbonate and dimethyl carbonate was used as the electrolyte
in all cell types. The electrodes were separated by a polypropylene membrane. Cyclic
voltammetry (CV) and galvanostatic charge—discharge measurements were obtained at
room temperature (25 °C) using an electrochemical workstation and a battery tester
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(Neware Co., Ltd., Shenzhen, China) at a scan rate of 0.1 mV s~ ! and a voltage range
of 0.01-1.5 V (vs. Li/Li"). The charge-discharge profiles of each composite electrode were
measured for 100 cycles. Electrochemical impedance spectroscopy (EIS) measurements
were conducted using a CHI 660D electrochemical analysis instrument (CH Instruments,
Inc., Shanghai, China) at a frequency range of 100 kHz-0.01 Hz and an amplitude of 5 mV.

3. Results and Discussion
3.1. Structural and Morphological Characterizations of the Si@1-G/CNF/Graphite Composites

Figure 2 shows the SEM images of graphite, graphene, and the CNF/graphite Si@1-
G/CNEF/graphite composite. In addition, the atomic content ratio was determined based on
the EDS spectrum of Si@1-G/CNF/ graphite (Figure S2). Figure 2a shows the morphology
of natural graphite. The image shows the clear flake-like layered structure characteristic
of natural graphite, with numerous gaps between the flake structures. Figure 2b shows
the morphological characteristics of the multilayer graphene, with a flaky structure and
visible wrinkles on the surface. Figure 2c,d show the morphology of Si@1-G/CNF/graphite
at different magnifications. Figure 2d shows smooth-surfaced slender fibers intricately
entangled on the surfaces of graphite and graphene and tightly interspersed between the
materials to form an intertwined three-dimensional network structure. These slender fibers
are CNFs, and the round granular substances are SiNPs [21,22]. This structure can provide
an effective buffer for the volume change in the electrode during the lithiation process,
preventing electrode damage through volume expansion, which maintains the structural
stability of the electrode material. Moreover, the three-dimensional network structure
can reduce the transmission distance of the electrons and ions, effectively decreasing the
transmission resistance during the cycle.

Figure 2. FE-SEM images of (a) graphite, (b) graphene, and (c,d) Si@1-G/CNEF/graphite.

The HR-TEM images of the Si@1-G/CNF/graphite composites (Figure 3) were an-
alyzed to further clarify their morphological and structural characteristics. Figure 3a,b
show clear gaps between the layered structures. The lattice distances of graphite, which
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corresponded to the crystal plane spacing of (002) and (100) between two adjacent carbon
atoms, were determined, based on Figure 3b, to be 0.351 and 0.2152 nm, respectively. The
graphene image (Figure 3d) illustrates a similar lattice spacing between the carbon atoms.
The morphological images of Si@1-G/CNEF/graphite (Figure 3e,f) clearly show that the
SiNPs were wrapped with wrinkled graphene and that the flaky graphite and CNFs were
evenly distributed in the system. The encapsulation provided by the graphene layer can
compensate for the volume change in the silicon particles and effectively prevent direct
contact between silicon particles and the electrolyte solution, inhibiting excessive SEI film
formation. The interwoven network structure formed among the CNFs, graphite, and
graphene maintained the integrity of the electrode structure during the charge-discharge
process, and the gaps formed by the network structure increased the specific surface area
of the material, providing more effective channels for the transmission of ions, which
improved the conductivity of the material. High conductivity, low resistivity, and good
structural stability are key to maintaining the high specific capacity and excellent cycle
performance and rate performance of anode materials [23]. In addition, Figure 3g,h show
the typical lattice spacing between the carbon atoms as well as a lattice spacing of 0.313 nm,
corresponding to the Si (111) of the SiNPs.

(a) Graphite Fa (b) Graphite " T (d) Graphene

w4

(e) Si@1-G/CNFs/Graphite

Figure 3. HR-TEM images of (a,b) graphite, (c,d) graphene, and (e-h) Si@1-G/CNF/graphite.

XRD was used to investigate the crystal structures of the individual components and
the prepared composites (Figure 4a). In the diffraction curve of GO, a strong and broad
representative diffraction peak was observed at 20 = 12°. However, this representative peak
disappeared in the diffraction pattern of the composite material, which can be attributed to
the disappearance of the intrinsic -C-O-C—, C=0, -OH, and -COOH on the basal plane and
the edges of GO owing to thermal reduction. Next, a strong peak was observed at 20 = 26°,
which is the characteristic peak of the (002) crystal plan of amorphous carbon and related to
the layered structure of the crystal [24,25]. The removal of the oxygen-containing functional
groups resulted in a decrease in the interlayer spacing between the stacked GO sheets,
which changed the diffraction angle. This characteristic peak also appeared in the graphite
and CNFs. In the diffraction results of the composite, the diffraction peak attributed to
the (002) plan of graphite was observed at 26 = 26° and the secondary peak of the (101)
plan, which is related to the crystal orientation, was observed at 20 = 44.6°, confirming
the presence of carbon components in the composite. In addition, strong diffraction peaks
were observed in the diffraction pattern of Si at 26 = 28.4°, 47.3°, 56.1°, 69.1°, and 76.4°,
corresponding to the typical (111), (220), (311), (400), and (331) planes of face-centered cubic
Si crystals [23,26,27]. These representative Si diffraction peaks indicate that the synthesis
process did not change the lattice structure of the composite components. Thus, these
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results confirm the presence of all components in the composite and that their structures
were not changed by the synthesis process.
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Figure 4. (a) XRD patterns of graphite, silicon, GO, CNFs, and Si@1-G/CNEF/graphite; (b) Raman
spectra of GO, rGO, CNFs, graphite, Si@1-G/CNF/graphite, and Si@2-G/CNF/graphite.

To further investigate the microstructure of the composites, the degree of graphitiza-
tion was evaluated based on the material internal defects. In the Raman spectra (Figure 4b),
all samples exhibited a characteristic sp3 hybrid disordered D band at approximately 1350
cm~! and a G band associated with the sp2 hybrid ordered carbon structure at approxi-
mately 1580 cm ! [28-30]. The relative intensity ratio of the D and G bands (ID/IG) reflects
the degree of graphitization, the defect density, and the size of the graphitized area. The
increase in the ID/IG value of GO from 0.84 to 0.85 after its thermal reduction to rGO is
attributed to the increase in the number of O-terminated sp2 carbon edge atoms, resulting
in a decrease in the in-plane sp2 graphitic domains [31]. The intensity of the G band in
the composite was considerably higher than that of the D band. These results, combined
with the curve characteristics of graphite, indicate the low defects and disorder of the
composite material, suggesting that the material has all the graphite properties as well as
good crystallinity.

The surface composition and chemical bonding state of each element in the Si@1-
G/CNEF/graphite composites were characterized using XPS (Figure 5). The figure shows
the XPS high-resolution Si 2p, C 1s, and O 1s spectra of the composites. The XPS survey
spectra of the composites (Figure 5a) showed strong O 1s and C 1s peaks, which were mainly
due to the presence of highly graphitized lattices attributed to the graphite and graphene.
The peak of Si 2p was relatively weak, indicating that the Si particles were encapsulated
in the rGO sheets and that the surface was covered by the carbon layer. Figure 5b shows
the high-resolution Si 2p spectra of the composites. The signal had two different peaks at
100.18 and 102.92 eV, which are attributed to bulk silicon (Si-5i) and oxygen-bonded silicon
(5i-O), respectively [32,33], indicating that during the material preparation process, a small
number of SiNPs exposed to the air underwent surface oxidation under certain conditions
to produce a small amount of SiOy. Because the surface was covered by SiOx and carbon
layers, the Si-Si peak of the Si particles was slightly lower than the Si-O peak. As shown in
Figure 5c¢, the C 1s spectra of the composite showed two strong peaks at 284.2 and 285.73
eV, corresponding to the C—-C/C=C in the aromatic ring and the C-O bonds in the carboxyl
and epoxy groups, respectively [23,34]. In addition, the C 1s signals of the composites
all had strong C—C/C=C peaks, whereas the peak intensity of the O-containing groups
decreased considerably, which can be attributed to the removal of O atoms during the heat
treatment (Figure S3). Two weak peaks at approximately 289.62 and 287.34 eV, which are
attributed to the O-C=0 bond in the -COOH groups in graphite and graphene, were also
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observed on the surface of the composite. Moreover, the high-resolution O 1s XPS spectra
(Figure 5d) confirmed the presence of -COOH functional groups in the composite.
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Figure 5. (a) XPS survey spectra of the Si@1-G/CNF/graphite composite; (b—d) high-resolution XPS
of Si 2p, C 1s, and O 1s of the Si@1-G/CNF/graphite composite.
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Figure 6a shows the thermogravimetry/differential thermal analysis (TG/DTA) of the
two composite materials during continuous combustion under ambient conditions until
the temperature cutoff point of 800 °C. The TG/DTA curves can be divided into four stages
according to the different components of the composite materials, and the detailed analysis
results are shown in Figure S4. The exothermic peaks of Si@1-G/CNF/graphite and Si@2-
G/CNF/graphite started with the first weight loss at 400450 °C, which corresponded to
the decomposition of the graphene component in the composites [35]. In this stage, most
O atoms in the composite material were eliminated from the GO layer. The second stage
corresponded to the thermal decomposition of the CNF under an air atmosphere. The third
stage was the rapid decomposition of the graphite component. Thus, the total C content
in Si@1-G/CNF/graphite was approximately 79 wt%, whereas the total carbon content in
Si@2-G/CNF/graphite was approximately 82 wt%, which corresponded to Si:C weight
ratios of 15:75 and 1:80 during the composite manufacturing process, respectively. The slight
difference in the data is attributed to a small amount of Si loss during the thermal reduction
process and trace impurities on the surface of the composite. In addition, the weight of
the fourth stage increased after the temperature reached 800 °C, which is attributed to
the oxidation of the remaining Si component to SiOx under the air atmosphere [23,36].
This was due to the direct contact between the carrier gas and the exposed Si after the
decomposition of the surface carbon at high temperatures. This result is in good agreement
with the XPS of Si 2p. Measuring the total C and Si contents accurately can be challenging
because of the possible weight loss of the sample during annealing or thermal reduction.
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Nevertheless, carbon materials, including graphene and CNFs, are typically combusted
and become depleted at 400-800 °C, whereas Si remains stable. Therefore, the differences
in the composite contents could be detected based on a rapid reduction in the weight of
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Figure 6. (a) TGA curves of Si@1-G/CNF/graphite and Si@2-G/CNF/graphite; (b) FTIR spectra of
Si@1-G/CNEF/graphite.

To further verify the surface chemical structure of the prepared samples, FTIR analysis
was conducted, the results of which are presented in Figure 6b. The figure shows the FTIR
spectra of the composite before and after the heat treatment and annealing. Through
comparison, the peak intensities of the O=C=0 and C=0O oxygen-containing groups
(2375.64 and 1870.0 cm !, respectively) were found to considerably decrease, owing to the
reduction in some oxygen-containing groups after heat treatment [37,38]. The vibration
peak at 932.69 cm ™! corresponded to the asymmetric stretching and bending of the siloxane
group. The appearance of this peak was related to the oxidation of the surface of the
SiNPs and the generation of a small amount of SiOy, which is in good agreement with

1 was the

the previous XPS results. The multiple-vibration peak at approximately 800 cm™
strongest characteristic peak of the Si—C bond, indicating an extremely tight bond between
the silicon atoms and the carbon atoms, with high chemical and thermal stability. This
suggests that the SINP surface was successfully and tightly entangled with the carbon layer.
Moreover, numerous peaks related to the O-containing functional groups were observed in
the spectra. A broad peak was observed at approximately 3400 cm ™!, which corresponded
to the stretching mode vibration of the O-H group superimposed on the O-H stretching
of the carboxylic acid (R-COOH), owing to the presence of water molecules and alcohol
groups. The peak at approximately 1827 cm ! is attributed to the C=O stretching of the
—~COOH group, and the peak at 1103 cm ™! corresponds to the C-O stretching vibration
of the C-O-C bond [39,40]. These results demonstrate the successful preparation of the

Si@G/CNEF/graphite composite.

3.2. Electrochemical Performance

Figure 7 demonstrates the CV curves of the fabricated coin cell using Si@1-G/CNEF/graphite
(Figure 7a) and Si@2-G/CNF/graphite (Figure 7b) during the initial five cycles at
0.01-1.5V (vs. Li*/Li) at a scan rate of 0.1 mV s~ 1. During the first cathodic scan (lithiation
process) of Si@1-G/CNEF/graphite, two distinct peaks were observed at 0.32 and 0.70 V.
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Similarly, two cathodic peaks were observed in the initial CV curves (at 0.32 and 0.75 V) of
Si@2-G/CNF/graphite. The two reduction peaks in the cathode branch of the CV curve
are attributed to the conversion of bulk Si into Li,Si alloy and other lithiated precipitates
(LixSiOy, LipCO3, and Li0) [23,41,42]. The sharp peak that appeared during the reduc-
tion process around 0.2V is a typical peak of graphite anode related to the embedding
of lithium ions into the graphite interlayer. In addition, the broad peak related to SEI at
around 0.8V overlapped with the broad peak caused by Si alloying. These materials were
generated via a series of irreversible multi-step electrochemical reactions between Si and
Li*, which is in good agreement with previous electrochemical studies. In the first cathodic
scan, a weak peak was observed at approximately 1.0 V for both electrodes, which can be
attributed to the reaction between the electrode material and the electrolyte, resulting in
the formation of an irreversible SEI layer on the electrode surface during the discharge
process. However, this peak disappeared in the subsequent cycles, and the CV curve in the
second cycle overlapped with the CV curve in the subsequent cycles, further confirming
that the effective combination of SiNPs and carbon materials enhances the reversibility
and cycle stability of electrode materials. In addition, during the anodic scan (delithiation
process) in the first cycle, two broad oxidation peaks were observed at 0.52 and 0.33 V
in Si@1-G/CNF/graphite and at 0.53 and 0.30 V in Si@2-G/CNF/graphite. These peaks
corresponded to the partial decomposition of the highest lithiated phase and the complete
delithiation of the Li,Si alloy into amorphous Si, respectively. The strong reduction peak
at 0.01-1.2 V in the cathodic scan corresponded to the amorphous Li\Si alloy formed by
amorphous SiNPs during the reversible Li* insertion—-deinsertion process [23,43]. With
the increase in the number of scans, a gradual and steady increase in the intensity of the
oxidation peak was observed because the composite electrode material was gradually
activated during the cycle, indicating the tendency of Li* to form alloys with SiNPs, which
increases the ionic conductivity. During the oxidation process, the curve tended to be
stable starting from the second cycle, and the splitting phenomenon of the oxidation peak
weakened, indicating that the SEI film tended to be stable. The phase transformation results
for Si and C during the first five cycles are summarized in Table S1.
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Figure 7. CV profiles of the (a) Si@1-G/CNEF/graphite and (b) Si@2-G/CNEF/graphite electrodes
during the initial five cycles.

The electrochemical performance of Si@1-G/CNF/graphite and Si@2-G/CNEF/graphite
was evaluated for 100 cycles at a low current density (100 mA g~!, Figure 8a), and the cor-
responding constant current curves are shown in Figure 8b. The discharge specific capacities
of Si@1-G/CNF/graphite and Si@2-G/CNF/graphite were 521.1 and 558.7 mAh g, respec-
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tively, in the initial cycle, after which they considerably decreased owing to the inabil-
ity of the electrode to accommodate the volume change in the SiNPs during lithiation—
delithiation and the formation of an SEI layer on the electrode surface when the SiNPs
came into contact with the electrolyte. In addition to a low initial charge capacity,
Si@1-G/CNEF/graphite and Si@2-G/CNF/graphite exhibited low ICEs of 65.0% and 70.0%,
respectively. This can be attributed to the irreversible SEI layer formed by the decom-
position reaction at the electrode—electrolyte interface, during which Li* was consumed,
leading to inevitable capacity loss. The Coulombic efficiency (CE) of Si@1-G/CNEF/graphite
and Si@2-G/CNF/graphite sharply increased to 92.1% and 93.3%, respectively, during the
second cycle and stabilized in the subsequent cycles, reaching 99.0% after 100 cycles. After
100 cycles, the capacities of the Si@1-G/CNF/graphite and Si@2-G/CNF/graphite elec-
trodes stabilized at 309.3 and 301.5 mAh g~ !, respectively, and their capacity retention rates
reached 65% and 54%, respectively. To further verify the electrochemical performance of the
composite materials, Figure 8c shows the rate performance of the Si@1-G/CNEF/graphite
and Si@2-G/CNF/graphite electrodes in the current density range of 0.1-1 A g~!. The
Si@1-G/CNF/graphite electrode exhibited a rate performance superior to that of the other
electrodes at all current densities. The reversible capacities of the Si@1-G/CNF/graphite
electrode were 568.5, 423.3, 373.3, 346.3, 336.2, and 332.3 mAh g’1 at current densities of
0.1,0.2,0.5,1,0.5,0.2,and 0.1 A g’l, respectively. When the current density was restored
to 0.1 A g1, the reversible capacity shifted to 346.7 mAh g~!, and the electrode exhib-
ited a better cycle and rate performance overall, confirming the high cycle stability and
reversibility of the Si@1-G/CNF/graphite electrode. With the increase in the silicon (wt%)
content, the initial capacity loss increased, and the change in the lithiation and delithiation
capacity considerably affected the ICE of the electrode, which is an important consider-
ation for material commercialization. In previous studies, Si15 Gr75 batteries exhibited
a capacity of approximately 70 mAh g~! at a current density of 740 mA g~!. However,
our work demonstrated strong advantages in terms of the ICE and capacity retention after
multiple cycles. These results indicate that graphite alone is not sufficient to compensate
for the changes in silicon that occur during lithiation—delithiation processes. Moreover,
doping with a small amount of graphene and CNFs effectively improved the conductivity
of the electrode, resulting in the excellent cycle performance and rate performance of
the electrode.

To understand the effect of the SEl and charge transfer resistance on the electrochemical
performance of the materials, EIS spectra were acquired after 100 charge and discharge
cycles (Figure 9). The inset in the Nyquist plot shows the equivalent circuit model of
the assembled half-cell. The circuit model takes into account the resistance caused by
the interaction between the electrolyte and the Si particles (R), the resistance caused by
the migration of Li* between the electrodes through the SEI layer (Rggy), the resistance
during charge transfer (Rct), and the Warburg impedance (W) [23,44—46]. To observe
the Nyquist plots of the two composites before cycling (Figure 9a) and after 100 cycles
(Figure 9b), we obtained the Nyquist plots before cycling (Figure 9a) and after 100 cycles
and evaluated the Li+ storage performance of the electrodes. The Nyquist plots of each
composite material before cycling contain a semicircle in the mid-frequency region, which
represents the charge transfer resistance (Rct) between the electrode and the electrolyte,
and an inclined line in the low-frequency region. The diameter of the semicircle was the
sum of the resistance of Li* to passing through the insulating SEI layer on the surface
of the active material (Rggy) and Rcr, whereas the inclined line was directly related to
the tortuosity of Li* diffusion. The Nyquist plots of the two composites before cycling
(Figure 9a) show similar curve characteristics. Compared with the Si@2-G/CNF/graphite
electrode (Rt = 117.6 ), the Si@1-G/CNEF/graphite electrode (Rt = 78.5 Q2) exhibited
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a lower resistance. The resistance value of the composite electrode largely depends on
the content of the SiNPs. To further evaluate the stability of the formed SEI film, the
Nyquist plots were obtained after 100 cycles. The Rgp; values of Si@1-G/CNF/graphite
and Si@2-G/CNF/graphite were 30.5 and 40.2 (), respectively. The lower resistance of
Si@1-G/CNF/graphite is attributed to the formation of a stable SEI film on the surface of
the SiNPs, which can prevent direct contact between the active materials and the electrolyte,
thereby minimizing the decomposition of the electrolyte. After 100 cycles, the diameter of
the Si@1-G/CNEF/graphite semicircle was small, indicating that the transfer resistance of
the Si@1-G/CNEF/graphite electrode becomes smaller, so it can quickly transfer electrons
and ions, effectively improving the ion—electron conductivity and reducing the charge
transfer resistance. However, the electrode materials with more carbon content show a
larger resistance, which is because the excessive carbon material considerably hinders the
effective transmission of ions and electrons, resulting in higher resistance and a lower
Li* diffusion rate. An appropriate silicon—carbon ratio induces the dispersion of carbon
materials, minimizing the agglomeration of the SiNPs, providing an effective coating, and
maintaining the structural integrity of the electrode during continuous cycling. The above
results show that the Si@1-G/CNF/graphite electrode exhibited excellent performance,
making it a promising anode material.

Figure 8. (a) Charge and discharge capacities of Si@1-G/CNF/graphite and Si@2-G/CNEF/graphite
with the corresponding CE at a current density of 100 mA g~'; (b) cycling performance of
Si@1-G/CNEF/graphite and with the corresponding galvanostatic charge—discharge profiles at a current
density of 100 mA g~!; (c) rate performance of Si@1-G/CNF/ graphite and Si@2-G/CNF/graphite at dif-
ferent current densities; (d) cycling performance of Si@2-G/CNF/graphite and with the corresponding
galvanostatic charge-discharge profiles at a current density of 100 mA g~
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Figure 9. Nyquist plots and electrochemical impedance spectra of Si@1-G/CNF/graphite and
Si@2-G/CNEF/graphite (a) before cycling and (b) after the 100th cycle.

4. Conclusions

This study investigated the addition of appropriate amounts of silicon, graphene,
and CNFs to existing commercial graphite anodes to improve their properties. The
composite electrode was prepared using a simple physical mixing and low-temperature
thermal reduction process. The reversible specific capacity was further improved with-
out sacrificing the ICE and cycling stability. The developed multicomponent composite
electrode exhibited superior performance at the half-cell level compared with pure graphite,
pure silicon, and silicon/graphite binary composite electrodes. The results show that the
composite electrode with a silicon content of 15 wt% exhibited a better capacity retention
rate (60%) after 100 cycles. This can be attributed to the secondary carbon layer protection
of the SINPs by graphene and CNFs, which mitigated the inherent volume change of the
silicon, effectively reduced the contact between the silicon surface and the electrolyte, and
stabilized the formation of the SEI layer. This study provides a low-cost and green elec-
trode synthesis method that produces high-performance electrodes and has great potential
in battery manufacturing. This synthesis method is promising for advancing effective
theoretical support for the commercial use of silicon/carbon electrodes. Thus, this study
paves the way for the development of high-energy-density LIBs and provides valuable
technical support for optimizing silicon-based graphite composite anodes to achieve
commercial feasibility. Future research work needs to focus on reducing costs, optimiz-
ing processes, and improving the production efficiency and structure and composition
of silicon—carbon negative-electrode materials. The focus here should be on improv-
ing stability, strengthening the cooperation between industry, academia, and research
teams, and jointly promoting the research and development of silicon—carbon an-
ode materials, thereby accelerating its industrialization process from the laboratory to
the market.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390 /batteries11030115/s1. Figure S1: process for preparing the
catalysts and the synthesis of carbon nanofibers; Figure S2: EDS spectrum of Si@1-G/CNF/graphite
composite; Figure S3: high-resolution XPS of O 1s of the Si@1-G/CNF/graphite composite; Figure S4:
TGA/DTA curves of Si@1-G/CNF/graphite and Si@2-G/CNEF/graphite. Table S1: Summary of the
phase changes of Si and C during the first five cycles; Table S2: Comparison of this work with other
previous studies in terms of Discharge capacity, Coulombic efficiency, and Capacity retention.
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Abbreviations

The following abbreviations are used in this manuscript:

LIBs Lithium-ion batteries

SEI Solid electrolyte interface

CFTs  Carbon nanofibers

CVD  Chemical vapor deposition

GO Graphene oxide

SEM  Scanning electron microscopy

TEM  Transmission electron microscopy
EDS Energy-dispersive X-ray spectroscopy
XRD  X-ray diffraction

XPS X-ray photoelectron spectroscopy
PVDF Polyvinylidene fluoride

Ccv Cyclic voltammetry

EIS Electrochemical impedance spectroscopy
RCT Charge transfer resistance

ICE Initial Coulombic efficiency

CE Coulombic efficiency
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Do Silicon-Based Li-Ion Batteries Require a Time-Consuming
Solid Electrolyte Interphase Formation Process?
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Abstract: The solid electrolyte interphase (SEI) is a crucial component for ensuring the
safe and long-term cycling of graphite-based Li-ion batteries. Traditionally, SEI formation
requires a low current rate (0.05C-0.1C) and a moderate temperature (25-45 °C), and the
same process has been widely applied in the manufacturing of silicon-based Li-ion batteries.
However, silicon stores Li* ions through different mechanisms than graphite, raising the
question of whether such a time-consuming SEI formation process is necessary. In this
work, carbon-coated SiOy is selected as a representative silicon material, and both Li/SiOx
half-cells and SiOx/LiNip §Cog.1Mng 10, (NCMS811) full cells are assembled and cycled at
varying current rates for the first 10 cycles, followed by identical cycling conditions for the
subsequent cycles. The results show that the initial current rate has a minimal impact on the
long-term cycling stability of both SiOy-based Li metal half-cells and Li-ion cells. Notably,
Li-ion cells formed at higher current rates exhibit lower overall impedance than those
formed at lower current rates, consequently demonstrating better rate capability. These
findings suggest that the time-consuming SEI formation process may not be necessary for
the manufacturing of silicon-based Li-ion batteries, potentially simplifying production and
reducing processing time.

Keywords: silicon anode; SEI formation; impedance; rate capability; Li-ion battery

1. Introduction

SEI formation is a critical process in the manufacture of graphite-based Li-ion batteries.
During this process, a protective SEI layer forms on the surface of graphite particles,
ensuring the safe and long-term cycling of the batteries. As suggested by its name, the SEI
is an interphase that is highly conductive to Li* ions while being substantially electron-
insulating. In batteries, the SEI functions to prevent solvated Li* ions from accessing
the graphite surface, thereby avoiding solvent cointercalation into the graphite and the
subsequent electrochemical reduction, which has been identified as the primary source for
graphite structure exfoliation [1,2]. The SEI predominantly forms during the initial several
cycles, especially the first charge, and it is primarily composed of the electrochemical
reduction products of electrolyte components, mostly solvents. To form a high-quality SEI,
it is essential that the reduction products of the electrolyte components are substantially
insoluble and that the deposition kinetics are sufficiently slow to constitute a dense, stable,
and highly ion-conductive structure. The latter is influenced largely by the current rate
and temperature, with research showing that a slow current rate (0.05C-0.1C) [3] and a
low-to-moderate temperature (25-45 °C) [4,5] favor the formation of a high-quality SEL
As such, SEI formation is a very time-consuming process, which significantly increases
the manufacturing cost of Li-ion batteries. Additionally, the potential range was found
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to critically affect SEI properties. Generally, an SEI formed at higher potentials (>0.5 V
vs. Li/Li*) exhibits high ionic conductivity but inferior structural stability, whereas an
SEI formed at lower potentials (<0.5 V vs. Li/Li") offers better structural stability with
slightly lower ionic conductivity [6]. An SEI formed during the intercalation of Li* ions into
graphite, namely at low potentials, has a particularly stable structure [7], indicating that the
reduction kinetics of the solvents along with the dissociation of the solvated Li* ions is most
favorable for forming a stable SEI. Based on these findings, various charging protocols have
been explored to improve SEI stability and reduce formation time, such as multiple-step
current [6,8] or voltage [9,10] charge formation, raising formation temperature [11-13],
narrowing formation potential range [14,15], and pulse formation [16,17].

To date, the SEI formation process for graphite-based Li-ion batteries has matured
significantly, and the same process has been widely applied to the manufacture of silicon-
based Li-ion batteries [18-22]. However, silicon stores Li* ions through a mechanism
entirely different from graphite. In graphite, the primary function of the SEI is to prevent
solvent cointercalation into graphite together with Li* ions and the resulting reduction
between the graphene planes of the graphite structure. This solvent cointercalation does
not occur with silicon anodes, raising the question of whether the time-consuming SEI
formation process is necessary for the manufacture of silicon-based Li-ion batteries. To
address this question, in this work, we study the effect of the formation current rate on
the cycling performance, particularly the cycling stability, of silicon by using SiOx as the
anode material and NCM811 as the cathode material. Surprisingly, we observed from both
the Li/SiOy half-cells and SiO,/NCMS811 full cells that the formation current rate has a
minimal effect on the cycling performance of Si anode materials. Moreover, it was found
that the cells formed at higher current rates exhibit lower overall impedance compared to
those formed at lower current rates. These findings suggest that the time-consuming SEI
formation process may not be necessary for Si-based Li-ion batteries, potentially reducing
the manufacturing cost of these batteries significantly.

2. Materials and Methods

Carbon-coated SiOy powder, with a D50 of 5.0 £ 1.0 pm and a D90 of 10.0 £ 1.0 pm,
was purchased from MSE Supplies LLC (Tucson, AZ, USA) and coated onto a copper foil
in a composition of 60% SiOy, 20% Super-P carbon, and 20% poly(acrylic acid) binder by
weight. The resulting SiOy electrode had SiOx loading of 1.51 + 0.1 mg cm 2 and was
punched into 1.27 cm? discs (1/, inch diameter). A single-side-coated LiNipgCop1Mng 10,
(NCM811) cathode, with an NCM811 loading of 10.8 mg cm ™2, was also purchased from
MSE Supplies LLC (Tucson, AZ, USA) and punched into 0.97 cm? discs (7 /16-inch diameter).
Both the SiOy and NCM811 electrode discs were dried at 110 °C under vacuum overnight
and then transferred to an argon-filled glove box. In the glove box, an electrolyte consisting
of 1.0 m (molality) LiPFg dissolved in a 1:2:7 (wt.) mixture of fluorinated ethylene carbon-
ate, ethylene carbonate, and ethylmethyl carbonate was prepared. Using the electrodes
described above and a piece of Celgard 2350 membrane as the separator, CR2032 Li/SiOx
and SiOy /NCMS811 coin cells were assembled and filled with a fixed amount (40 nL) of elec-
trolyte. The negative-to-positive (N/P) capacity ratio in SiOx/NCMS811 cells was controlled
at 1.05 & 0.01, based on specific capacities of 1500 mAh g~ for SiOy and 200 mAh g~ for
NCMS811. The cells were tested on a Maccor Series 4000 cycler (Maccor, Tulsa, OK, USA)
using two expressions for C rates: * C and * C/** h. The * C represents constant-current
charging or discharging with a voltage cutoff, while * C/** h indicates constant-current
charging or discharging followed by a voltage hold until the total charge/discharge time
reaches ** h. The detailed testing conditions are provided in the discussion or figure cap-
tions. The AC impedance of the SiOx/NCMS811 coin cells before and after SEI formation
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was measured at 20 °C with a 10 mV perturbation in a frequency range from 100,000 Hz to
0.01 Hz, using SI 1260 Impedance/Gain-Phase Analyzer in combination with a Solartron SI
1287 Electrochemical Interface (AMETEK, Inc., Berwyn, PA, USA).

3. Results and Discussion
3.1. Li/SiOy Half—Cell

The effect of the formation current rate on cycling performance was first evaluated in
Li/SiOy cells. The voltage profiles and differential capacity versus voltage plots for various
current rates during the first cycle are shown in Figure 1a and Figure 1b, respectively. At a
slow current rate (0.1C), the Li/SiOx cell exhibits a specific capacity of 1452 mAh g~! with
a coulombic efficiency (CE) of 70.4%. The low CE can be attributed to two factors: (1) the
irreversible reduction of SiOx to Si accompanied by the formation of Li;SiO3 and the
similar compounds, as representatively described by Equation (1), and (2) the irreversible
reduction of electrolyte solvents, both contributing to the formation of the SEI on the surface

of SiOy particles.
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Figure 1. Performance comparison of Li/SiOx half-cells formed at varying formation currents.
(a) Voltage profile of the first cycle, (b) differential capacity vs. voltage plot for the first cycle, and
(c) cycling performance, where from the 11th cycle, all cells were cycled under identical conditions
with lithiation at 1C for 1 h and delithiation at 1C, cycling between 0.005 V and 1.0 V. The grey arrow
indicates that these lines correspond to the right vertical axis.

In Equation (1), the resulting Si instantly forms Li-5i alloy through the electrochemical
reduction of Li* ions. As the current rate increases, both the specific capacity and CE
decrease. For instance, when the lithiation process is conducted at 1C for 1 h (1C/1 h),
the specific capacity drops to 323 mAh g~ ! and the CE decreases to 47.1%, as noted in
the inset of Figure 1a. This decline is attributed to electric polarization resulting from the
increased current rate. As observed in Figure 1a, the cell’s voltage rapidly drops to the
lithiation cutoff voltage (0.005 V), with most capacities achieved by the constant-voltage
(CV) discharge step at 0.005 V. This effect is more clearly seen in the differential capacity
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plot (Figure 1b), where the differential capacity peak of the first reduction shifts from 0.69 V
at 0.1C to 0.20 V at 1C due to significant polarization, leading to a substantial capacity
reduction. It is worth noting that the large polarization at high current rates arises not only
from the SiOy electrode but also from the Li counter electrode [23]. The observed decrease
in CE with increasing lithiation current rate can be attributed to both the reductions of
SiOy and the electrolyte solvents occurring at higher potentials than Li-Si alloying. Their
contribution to the low CE becomes more pronounced at higher currents.

After 10 formation cycles at varying current rates, the cells were cycled using an
identical current rate: constant current—constant voltage (CC—CV) lithiation at 1C for 1 h,
followed by constant current (CC) delithiation at 1C. The cycling performances of the cells
are compared in Figure 1c. The results indicate that the current rate during formation
cycles has a minor effect on the capacity retention of Li/SiOx cells, although it significantly
affects the specific capacity and CE during the initial several formation cycles. These
findings reveal that the current rate in formation cycles has minimal impact on the cycling
stability of Li/SiOy cells, differing significantly from observations in Li/graphite cells.
This difference can be attributed to the distinct Li storage mechanisms between graphite
and silicon. In graphite, Li* ions intercalate between the graphene layers, during which
graphite is reduced, becoming negatively charged to accommodate the positively charged
Li* ions. In contrast, in silicon, Lit ions are first reduced to Li atoms on the surface of the
silicon particles; the resulting Li atoms then react with silicon to form a Li-Si alloy. As the
process continues, the Li-Si alloy layer gradually moves inward toward the core of the
silicon particles. Therefore, the solvent cointercalation related reduction does not occur
with the Si electrodes. In addition to the observations mentioned above, Figure 1c reveals
that during the initial cycles, both the cells” specific capacity and CE gradually increase
until they reach a plateau. This behavior can be attributed to the slow conversion kinetics
of SiOy to Si, preventing the full capacity of SiOy from being accessed within a single cycle.

3.2. 5iOx/NCMS811 Full Cells
3.2.1. Formation Cycle

The effect of the formation current rate on cycling performance was further inves-
tigated in SiOx/NCMS8I11 cells. Figure 2 compares the voltage profiles and differential
capacity versus voltage plots of the first two cycles for SiO,/NCMS811 cells formed by
charging and discharging at 0.1C and charging at 1C for 1 h while discharging at 1C,
respectively. Unlike the results observed from Li/SiOy half-cells, both cells exhibit nearly
identical specific capacities and CE. The specific capacity slightly decreases from the first to
the second cycle, while the CE increases significantly, as noted in the insets of Figure 2a,c.
The primary difference between the two formation protocols is that the cell charged at
1C/1 h experiences higher polarization due to the high current applied. During discharge,
however, this increased polarization is only evident in the high-voltage region, as shown
in Figure 2a,c. Since the irreversible conversion of SiOy to Si in the first cycle consumes a
large number of Li* ions from the NCMS811 cathode, both the specific capacity and CE of
NCMBS811 of the SiOx/NCM811 cells in the first cycle are significantly lower than the normal
values generally obtained in Li/NCMS811 cells. As shown in the inset of Figure 2a, the
SiOyx/NCMB811 cells exhibit a first-cycle specific capacity of only 141.5-145.3 mAh g~! and
a CE of 63.4-63.9%. Although the CE increases to 94.9% in the second cycle, its value is far
below the threshold required for high-performance Li-ion batteries. The low initial CE and
its gradual increase over subsequent cycles can be attributed to the slow and incomplete
conversion of SiOy to Si during the early cycling stages. This slow conversion along with
the initial low CE presents a significant challenge for the practical application of SiOy as
an anode material in Li-ion batteries. Additionally, it should be noted that the 1C/1 h
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formation used in this work is only an example, demonstrating that a slow SEI formation
process is not necessarily required. The practical formation rate may vary depending on
cell design, for instance, an energy-focused vs. a power-focused design. As a rule of thumb,
the formation rate can be the same as those used in normal cycling.
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Figure 2. Voltage profile and differential capacity vs. voltage plot of SiOx/NCMS811 cells formed
at varying currents, where Cell 1 was formed at 0.1C and Cell 2 at 1C for 1 h. (a,b) First cycle and
(c,d) second cycle.

The impedances of two SiOy/NCMS811 cells subjected to different formation protocols
were measured before and after the formation process, and the results are compared in
Figure 3. Before the formation process (i.e., the freshly assembled cells), the two cells had
similar overall impedance. After two formation cycles, the cells ended at the discharged
state, i.e., at 0% state of charge (SOC). At the discharged state, the cell formed using the
1C/1 h charge and 1C discharge protocol displayed significantly lower overall impedance
than the cell formed using the 0.1C cycling protocol. Subsequently, the cells were charged
to 100% SOC by charging at 0.5C to 4.2 V, followed by a voltage hold at 4.2 V for a total
charge time of 2 h. At 100% SOC, the similar impedance difference between the two cells
persisted. This discrepancy can be attributed to the fact that the cell formed under the
1C/1 h charge protocol had much lower SEI resistance (Rsg;) than the cell formed under
the 0.1C protocol, as indicated by the smaller semicircle in the high-frequency region of
the Nyquist plot in Figure 3. Furthermore, a similar trend extended the charge-transfer
resistance (Rc), represented by the second semicircle in the low-frequency region. The cell
formed under the 1C/1 h protocol demonstrated substantially lower R, contributing to
its overall lower impedance compared to the 0.1C formed cell. The above results suggest
that the SEI formed under high current rates is more porous, facilitating greater electrolyte
penetration and enhancing ionic conductivity.
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Figure 3. Nyquist plot of SiOx/NCMS811 cells at various SOCs after two formation cycles at different
formation conditions.

3.2.2. Rate Capability

After completing the impedance analysis, the cells underwent rate capability testing.
Figure 4 compares the discharge rate capability of two cells. Both cells were charged
at 0.5C to 4.2 V, followed by a voltage hold at 4.2 V for a total charge time of 2 h, and
they were subsequently discharged at various current rates. As shown in Figure 4a, at
low discharge rates (<3C), both cells formed using 0.1C and 1C/1 h formation protocols,
respectively, exhibited similar specific capacities. However, at high discharge rates (5C
and 6C), the cell formed using the 1C/1 h protocol displayed superior capacity. This trend
aligns with the impedance results and is attributed to the lower overall impedance of the
cell formed at the higher current rate. Figure 4b presents the voltage profiles of the two
cells at representative discharge rates, illustrating that differences in both specific capacity
and polarization become more pronounced as the discharge current increases.
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>
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Figure 4. Discharge capability of SiOx/NCMS811 cells formed at different current rates. The cells were
charged using a CC-CV protocol at 0.5C to 4.2V, followed by a voltage hold at 4.2 V for a total charge
time of 2 h, and then discharged at various rates. (a) Specific capacity and (b) voltage profile.
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Next, the charge rate capability of the cells was evaluated using a CC-CV charging
protocol. The cells were charged at a specific rate to 4.2 V and then held at 4.2 V for a
total time corresponding to the specific rate, followed by discharge at 0.5C to 2.8 V. The
specific capacities of the cells are compared in Figure 5a, while their voltage profiles at
representative charging current rates are shown in Figure 5b. Similar to the discharge rate
capability results, the difference in specific capacity between the two cells becomes more
pronounced as the charge current rate increases. The cell formed using the higher current
rate (1C/1 h protocol) consistently outperforms the one formed at the lower current rate
(0.1C). As illustrated in Figure 5b, the differences in charge capacity between the two cells
at 3C and 6C primarily exist during the CC charging stage. Specifically, the cell formed
using the 1C/1 h protocol exhibits a larger CC charge capacity compared to the cell formed
at 0.1C, which correlates with its lower overall impedance.
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Figure 5. Charge capability of SiOx/NCMS811 cells formed at different current rates. The cells were
CC-charged at a specific current rate to 4.2 V, followed by a voltage hold at 4.2 V until the designated
time was reached, and then galvanostatically discharged at 0.5C to 2.8 V. (a) Specific capacity and
(b) voltage profile.

Comparing Figures 4a and 5a shows that, with an increase in the current rate, the
charge rate capability significantly outperforms the discharge rate capability, with the
former exhibiting much higher capacities than the latter. This discrepancy arises from
differences in the testing protocols. For the charge rate capability, a CC-CV charging step
was applied, whereas the discharge rate capability testing utilized only a CC discharging
step. The results are expected to align if a CV discharging step, i.e., a voltage hold at 2.8 V
for a certain duration, is incorporated into the latter.

3.2.3. Cycling Stability

Another set of cells was tested for long-term cycling stability, as shown in Figure 6. In
this experiment, Cell 1 underwent formation by cycling at 0.1C for 10 cycles, followed by a
1C/1 h charge and a 1C discharge. Cell 2 was formed at 1C for 10 cycles without a voltage
hold at4.2'V, followed by the same 1C/1 h charge and 1C discharge. As observed in Figure 6,
during the initial 10 formation cycles, Cell 2 exhibited lower capacities than Cell 1 due to
the absence of the CV charging step at 4.2 V, which limited full-capacity access. However,
in the subsequent cycles, both cells demonstrated nearly identical specific capacities and
capacity retention. This observation indicates that the formation current rate has minimal
impact on the cycling performance, in terms of specific capacity and capacity retention, of
the SiOx-based Li-ion cells. Therefore, the traditionally time-consuming formation process
may not be necessary for manufacturing Si-based Li-ion batteries. Furthermore, the Li-ion
cells formed at higher current rates exhibit lower overall impedance compared to those
formed using the more time-intensive, low-current rate process.
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Figure 6. Cycling stability of SiOyx/NCMS811 cells cycled at 1C between 2.8 V and 4.2 V, of which
Cell 1 was formed at 0.1C for 10 cycles and Cell 2 was formed at 1C without a CV charging step for
10 cycles. The grey arrow indicates that these lines correspond to the right vertical axis.

4. Conclusions

In summary, we studied the effect of formation current rates on the cycling perfor-
mance of Si-based Li-ion batteries, using carbon-coated SiOx as a representative silicon
material. It is uncovered that, in both Li/SiOy and SiO,/NCMS811 cells, the formation
current rate has minimal impact on cycling performance, specifically regarding both the
specific capacity and capacity retention of the Si electrodes. This behavior contrasts with
that observed in traditional graphite-based Li-ion batteries and can be attributed to the
different Li* storage mechanisms between silicon and graphite. Silicon stores Li* ions
through Li-Si alloying, eliminating issues such as solvent cointercalation and associated
reductions, which occurs with graphite. Moreover, SiOx/NCMS811 cells formed at higher
current rates exhibit lower overall impedance compared to those formed at lower current
rates, enhancing their rate capabilities. The results of this work suggest that the traditionally
time-consuming SEI formation process may not be necessary for the production of Si-based
Li-ion batteries. This advantage, rooted in the fundamental differences between the Li*
storage mechanisms of silicon and graphite, could significantly reduce the manufacturing
costs of these batteries.
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Abstract: With the growing demand for electric vehicles and consumer electronics, lithium-
ion batteries with a high energy density are urgently needed. Lithium-rich manganese-
based materials (LRMs) are known for their high theoretical specific capacity, rapid elec-
tron/ion transfer, and high output voltage. Constructing electrodes with a substantial
amount of active materials is a viable method for enhancing the energy density of batteries.
In this study, we prepare thick LRM electrodes through a dry process method of binder
fibrillation. A point-to-line-to-surface three-dimensional conductive network is designed
by carbon agents with various morphologies. This structural design improves conductivity
and facilitates efficient ion and electron transport due to close particle contact and tight
packing. A high-loading cathode (35 mg cm~?2) is fabricated, achieving an impressive areal
capacity of up to 7.9 mAh cm~2. Moreover, the pouch cell paired with a lithium metal
anode exhibits a remarkable energy density of 949 Wh kg~!. Compared with the cathodes
prepared by the wet process, the dry process optimizes the pathways for e™ /Li* transport,
leading to reduced resistance, superior coulombic efficiency, retention over cycling, and
minimized side reaction. Therefore, the novel structural adoption of the dry process repre-
sents a promising avenue for driving innovation and pushing the boundaries for enhanced
energy density for batteries.

Keywords: Li-ion battery; Li-rich Mn-based materials; cathode; energy density

1. Introduction

Lithium-ion batteries (LIBs) have become the leading energy storage technology due
to their outstanding properties, such as a high energy density, superior power output,
extended cycle life, and exceptional reliability [1-3]. As global demand continues to surge,
increasing energy density has become a paramount challenge for the battery industry [4].
However, the energy density of commercial cathode materials has largely plateaued, high-
lighting the urgent need for innovations in manufacturing processes. By advancing process
engineering, it is possible to achieve breakthroughs in efficiency, scalability, and perfor-
mance, paving the way for developing batteries with even greater capacity and power [5].
One promising approach to enhancing energy density is the development of electrodes with
a higher proportion of active materials. This strategy reduces the reliance on non-active
components, such as separators and conductive additives, thereby maximizing the energy
storage potential of LIBs [6,7].

The conventional wet processing technique frequently faces challenges in handling
thick electrodes, especially during the solvent evaporation stage. This process may lead to
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several issues, like the non-uniform distribution of binders and conductive carbon materi-
als [8]. N-methyl-2-pyrrolidone (NMP), widely employed as a solvent in the wet processing
of mixing cathode composites, presents environmental and economic challenges due to its
evaporation and recycling [9,10]. Dry electrode technology signifies a transformative ad-
vancement in energy storage manufacturing, delivering substantial advantages that extend
far beyond process simplification and environmental footprint reduction. By obviating
the requirement for solvents, dry electrode fabrication substantially mitigates operational
hazards and ecological risks. This solvent-free approach contributes to safer and more
sustainable battery production. Additionally, the inherent scalability and cost-effectiveness
of dry processing techniques make them well suited for large-scale production, facilitating
the widespread adoption of energy storage solutions across various industries [11,12].

Dry processing techniques are particularly well suited for constructing electrodes with
a high loading of active materials, which has been widely studied by researchers [13]. While
Tesla has successfully implemented dry processing for anode fabrication, technical hurdles
persist in cathode adaptation due to PTFE fibrillation challenges. During the process of
binder fibrillation, the active materials, conductive carbon, and binder polytetrafluoroethy-
lene (PTFE) are mixed to achieve uniform dispersion. During shear processing, PTFE
undergoes microstructural transformation from spherical particles to interconnected fibrils
that form percolating networks. These nanofibrils mechanically interlock active material
particles with conductive carbon additives, achieving greater improvements [14-16].

Layered lithium-rich manganese-based materials (LRMs) have emerged as promis-
ing next-generation cathode candidates for LIBs due to their high specific capacity
(>250 mAh g~ ') and low cost [17]. This study employs LRM as a cathode active ma-
terial, synergistically integrating three conductive additives: Super C65 carbon black,
vapor-grown carbon fibers (VGCFs), and graphene nanosheets. By constructing a point-
to-line-to-surface three-dimensional conductive network, the intimate contact between
the active material particles and the conductive carbon particles is significantly enhanced.
This intricate network architecture facilitates efficient charge transfer pathways, minimizes
electron transport resistance, and maximizes the utilization of active materials. The LRM
cathodes prepared by the binder fibrillation process were adjusted to various thickness and
mass loadings ranging from 15 mg cm 2 to 35 mg cm 2. These cathodes exhibited a high
areal density of 7.9 mAh cm 2 and a remarkable energy density of 949 Wh kg~!. Com-
pared with the wet process, the dry-processed cathodes optimize the pathways for e~ /Li*
transport. This optimization leads to reduced resistance, superior Coulombic efficiency,
enhanced retention over cycling, and minimized side reactions.

2. Materials and Methods
2.1. Preparation of Electrode

The synthetic route of the LRM can be found in Supporting S1 [18]. The cathode
composite was formulated by integrating lithium-rich manganese-based oxide with a
ternary conductive system (C65:graphene:VGCF = 1:1:4 w/w) and polytetrafluoroethylene
(PTFE) binder at precisely controlled mass ratios of 90:6:4, and then 200 °C drying for 1 h.
The mixed material was rolled into film by a roller several times until it became a dense
self-supporting film. The areal loadings of the self-supporting films with a thickness of
60 um, 100 pm and 130 pm are 15 mg cm ™2, 25 mg cm ™2 and 35 mg cm ™2, respectively.
For comparison, the electrode prepared via the wet process was composed of LRM, a
composite conductive agent (C65:graphene:VGCF = 1:1:4), and polyvinylidene fluoride
(PVDF) according to the mass ratio of 90:6:4.
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2.2. Material Characterization

The electrode morphology was characterized using a scanning electron microscope
(SEM, Zeiss Merlin, Bochum, Germany) at an acceleration voltage of 5 kV. Surface chemistry
analysis was performed by X-ray photoelectron spectra (XPS, ESCALAB 250Xi, Waltham,
MA, USA) featuring a monochromatic Al Ky (1486.6 eV) X-ray source, focused on a 400 um
spot under a vacuum pressure lower than 1 x 1077 mbar. Contact angle measurements
were performed with a KRUSS DSA100 (Hamburg, Germany). The structural changes
of the cathode, both before and after cycling, were analyzed by X-ray diffraction (XRD,
Rigaku D8 Discover, Karlsruhe, Germany) using a PANalytical Empyrean Series 2 equipped
with a Cu K radiation source (45 kV, 40 mA). The electrical resistivity of the electrodes
was measured using an IEST BER2500 (Xiamen, China). For large-area cross-sectional
milling and subsequent SEM imaging, a Thermo Scientific Helios 5 Hydra Plasma Focused
Ion Beam (PFIB) DualBeam system (Goteborg, Sweden) was utilized. Cross-sections of
various electrode samples were milled and cleaned using a Xe™ ion source. High-resolution
transmission electron microscopy (HRTEM) images of both pristine and cycled samples
were acquired using a ThermoFisher Talos F200X (Waltham, MA, USA), equipped with a
Ceta camera and operated at 200 kV. BET analysis of various particles was conducted using
a gas adsorption/surface area analyzer (Micromeritic ASAP 2020, Atlanta, GA, USA). The
TOE-SIMS (time-of-flight secondary ion mass spectrometry) measurements were performed
using TOF-SIMS 5-100 (IONTOF, Ingolstadt, Germany) with a primary ion beam of Bi3*
and sputtering ion beam of Cs™.

2.3. Electrochemical Measurements

Electrochemical performance was evaluated in an argon-filled glove box using
2032-type coin cells with a Li metal anode, polyethylene (PE) separator, and Shanshan 003
liquid electrolyte. Cell performance was tested within the 2.0-4.8 V vs. Li/Li* range. The
cycling test was carried out under various charging/discharging conditions. EIS and CV
were performed using an electrochemical workstation (Interface 1010E, Gamry Instruments,
Philadelphia, PA, USA). The lithium metal pouch cell was assembled with a 100 um lithium
metal anode in a dry room at a —50 °C dew point.

3. Results and Discussion

Figure 1 illustrates a schematic diagram of the binder fibrillation process. During
the process, LRM, conductive carbon, and PTFE are mixed, followed by the induction
of fibrillation of PTFE under shear force. The resulting fibers, with diameters of only a
few nanometers and lengths of tens of micrometers, form a three-dimensional network
structure that aggregates the active material and carbon black (Supplementary Materials,
Figure S1). Subsequently, this mixture is compressed between two rollers to form films
of varying thickness. The conductive agent plays a critical role in electrode performance.
Its type and content can influence the flexibility and mechanical strength of the electrode,
thereby affecting the battery’s flexibility and durability. The conductive agent also possesses
excellent electrical conductivity, facilitating electron transport within the electrode, which
reduces internal resistance and improves overall conductivity. Additionally, the conductive
agent helps to form a conductive network, establishing effective electron transfer pathways
between the active material and the electrode substrate, thereby enhancing the electrode’s
structure, stability, and cycling life. Therefore, when designing electrodes, we selected
different carbon and carbon composites to optimize performance. As shown in Table S1,
we performed a series of control tests with different carbon ratios, and the four ratios were
determined based on the integrity and flexibility of film during the preparation process. As
shown in Figure S2, the carbon composites of VGCEFE, C65, and graphene with the mass ratio
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of 4:1:1 demonstrated higher conductivity than single VGCF, VGCF and C65 (mass ratio of
5:1), and VGCF and graphene (mass ratio of 5:1). Therefore, the point-to-line-to-surface
three-dimensional conductive network facilitated efficient electron transport throughout
the cathodes and enhanced overall conductivity.

PTFE
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Figure 1. The schematic diagram of the binder fibrillation process.

Figure 2 illustrates the cross-section topography of LRM electrodes with varying
thicknesses (60, 100, 130 pm). It is evident that LRM particles, carbon, and PTFE are
closely intertwined, forming a cohesive and conductive framework. As shown in Figure S3,
the XRD patterns of the LRM raw materials and dry-processed electrodes are consistent,
indicating that the macroscopic crystal structure is maintained. This suggests that the
dry-processing method has a minimal impact on the material’s structure and may offer
advantages in terms of structural stability. This fibrous structure provides excellent me-
chanical support and conductive pathways for the electrode, enhancing its stability and
electrochemical performance. As the electrode thickness decreases, a finer and more inter-
connected network of fibers is observed throughout the electrode. This tighter integration
improves electrical conductivity and facilitates efficient charge transfer. Additionally, the
reduced thickness brings the electrode components closer together, maximizing their in-
teraction and synergistic effects. The rolling process is effective in controlling the porosity
and compaction density of the cathodes. As shown in Figure S4, increasing thickness
results in lower compaction density and higher porosity. Contact angle results (Figure 2c¢,f,i)
indicate that, as the thickness decreases, the contact angle increases, reducing wettability.
To optimize wettability, we proactively increased the volume of electrolytes during the
battery assembly process. Firstly, we completely flooded the cathodes with electrolytes
for 2h before assembling the cell, and then we added 150 pl of electrolytes to assemble
the cell to ensure a sufficient amount of electrolytes during the measurement. By doing
so, we aimed to improve the penetration and coverage of the electrode surface, enhancing
the electrolyte—electrode interaction. This adjustment not only promotes efficient ion trans-
port within the electrode but also improves electrochemical performance by minimizing
electrolyte depletion and ensuring adequate contact between the electrolyte and active
materials. Additionally, optimizing electrolyte volume helps to address reduced wetta-
bility due to higher electrode packing densities, ensuring consistent and reliable battery
performance under various operating conditions.

The rate and cycle performances of the Li-rich manganese material were tested, with
the results shown in Figure 3 (1 C = 200 mAh g~ !). At a current rate of 0.1 C, the cathode
with a mass loading of 15 mg cm 2 achieved an initial discharge capacity of 270 mAh g~

Increasing the mass loading to 25 and 35 mg cm 2

resulted in initial discharge capacities of
250 mAh g~ ! and 226 mAh g1, respectively (Figure 3a). Consequently, a high areal capac-
ity of 7.9 mAh cm~2 was achieved with a mass loading of 35 mg cm~2. During rate testing
from 0.1 C to 2 C, the electrode with a mass loading of 15 mg cm~2 demonstrated signifi-

cantly superior rate capability compared to the others (Figure 3b). As shown in Figure 3c,
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(a)

after 20 cycles, the electrode with a 15 mg cm 2 loading exhibited a capacity retention
rate of 87.8%, outperforming the electrodes with 25 mg cm 2 (81.1%) and 35 mg cm 2
(63.3%) loadings. The cycling stability exhibited an inverse correlation with electrode
mass loading, as evidenced by a more pronounced capacity degradation in higher-loading
samples. Notably, the cathode fabricated with a mass loading of 15 mg cm 2 demonstrated
65% capacity retention after 100 charge/discharge cycles (Figure S5). It was found that,
under low-rate discharge conditions, electrode thickness has a minimal effect on battery
efficiency. However, as the electrode thickness increases and discharge rates rise, battery ef-
ficiency declines. The rate capability of the battery decreases with both increasing electrode
thickness and higher discharge rates. A Lil | LRM pouch cell was assembled using Li metal
(100 um) and LRM (25 mg cm~2) (Figure S6).

(@ &

Figure 2. Cross-section SEM images (a,d,g), SEM images (b,e,h) and Contact angles (c,f,i) of LRM
with various mass loading.

The pouch cell exhibited an initial discharge capacity of 300 mAh g~ ! at 0.1 C, corre-
sponding to an energy density of 949 Wh kg~!. We investigated the impact of thickness
on efficiency and rate capability using time-of-flight secondary ion mass spectrometry
(TOF-SIMS) analysis of cycled cathodes (Figure 3d). Interactions with organic electrolytes
lead to surface structural degradation inside the cathodes [19,20]. The quantities of F~,
PO?~, and CoHO™ species identified in the cathodes with 15 mg cm~2 were significantly
lower compared to those of cathodes with 25 and 35 mg cm~2 [21].

SEM images of the electrodes after cycling reveal a clear trend: as the thickness of the
electrodes increases, the presence of surface cracks becomes more pronounced (Figure 4).
This provides additional evidence of the heightened occurrence of side reactions in thicker
electrodes. Cracks on the electrode surface provide penetration paths for the electrolyte,
allowing the electrolyte to more readily access the interior of the electrode material, thus
exacerbating side reactions at the electrode/electrolyte interface [22-24]. The cracks can
compromise the structural integrity of the electrode, contributing to higher impedance and
reduced cycling stability, as confirmed by the tests.
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Figure 3. (a) Charge/discharge voltage profiles, (b) rate capability performance, (c) cycling perfor-
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Figure 4. SEM of cycled cathodes with various mass loadings: (a) 15 mg cm~2, (b) 25 mg cm™~?

(c) 35 mg cm™2.

7

As electrode thickness increases, there is enhanced infiltration of the electrolyte into the

electrode structure; this suggests that the infiltration may lead to an increase in secondary

reactions within the electrode, which could negatively impact battery performance and
cycling stability. For thick electrode batteries, transport limitations of the electrolyte and
ohmic polarization are the primary factors limiting efficiency at high discharge rates [25].
An et al. demonstrated the spatial distribution of Li* at the end of discharge in cathodes
with various thicknesses using a granular stacking model [26]. The results showed that the
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gradient of Li* concentration becomes more pronounced as areal density increases. In thick
cathodes with high areal density, the active material particles exhibit uneven sizes. Li*
tends to diffuse more rapidly within smaller particles, leading to significant irregularities in
the distribution of Li* concentration. The uneven distribution of Li* results in inconsistent
discharge depths among active particles, further affecting the performance and efficiency
of the battery.

We compared the performance of cathodes prepared by the dry process and wet
process, as shown in Figure 5. The electrochemical impedance spectroscopy (EIS) results
(Figure 5a) further show that the dry-process cathode exhibits lower impedance compared
to the wet-process cathode, resulting in tighter interfacial contact between particles. This
forms more efficient ion transport pathways, thereby reducing interfacial contact resistance
and minimizing energy loss during ion transport. In contrast, in wet-processed electrodes,
the presence of solvent may lead to uneven distribution between the active material
and conductive agent. After solvent evaporation, interfacial defects are formed, leaving
discontinuous ion transport pathways, which ultimately reduce ion transport efficiency [27].
The cycling performance (Figure 5b) shows that the discharge specific capacity of dry film
is slightly lower than that of the wet film. However, the dry film demonstrates a higher
initial Coulombic efficiency, indicating more efficient utilization of the active material.
Additionally, the dry film shows a capacity retention rate of 84.5%, which is higher than the
wet film (83.6%). The comparison of dQ/dV curves between the dry film (Figure 5c) and
wet film (Figure 5d) reveals that the dry film exhibits a more stable performance [28,29],
consistent with the cycling test results.
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Figure 5. (a) EIS results, (b) cycling performance of dry film and wet film. dQ/dV curves of (c) dry
film and (d) wet film. (e) F 1s, and (f) O 1s core spectra of cycled dry film and wet film.

To gain insight into the structural improvements that contribute to the dry film'’s
enhanced battery performance, we analyzed the composition of the cathode electrolyte
interphase (CEI). We retrieved the cathodes of both dry-film and wet-film cells after forma-
tion for XPS characterization. The F 1s spectrum (Figure 5e) reveals a higher presence of
LiF (79.7% vs. 77.4%) on the surface of the dry film, indicating the formation of a robust
LiF-rich CEI as a protective layer that efficiently inhibits unwanted side reactions between
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the cathode and the electrolyte [30]. Additionally, the O 1s spectrum (Figure 5f) shows a
higher proportion of P-O (22.08% vs. 17.10%) on the surface of the wet film, suggesting
more side reactions with organic electrolytes, which leads to surface structural degradation.
These results indicate that the network structure of the dry film optimizes ion transport
and electron conduction pathways, resulting in reduced resistance and superior Columbic
efficiency and retention over cycling. This highlights the superior utilization of active
materials in the dry film, potentially due to its more effective structural integrity and
minimized side reactions during operation [31,32]. In contrast, the wet film exhibited
higher impedance due to the formation of clusters or less uniform distribution of active
materials and binders, which hinders efficient e~ /Li* transfer and contributes to increased
side reactions with electrolytes.

The SEM image (Figure S7) of the wet film reveals that the active material, carbon
materials, and PVDF binder aggregate into clusters. In contrast, the dry film forms a
three-dimensional conductive network that reduces polarization effects and enhances
charge transfer efficiency (Figure S1). To ensure the accuracy of the comparison results,
we selected dry and wet cathodes with similar mass loadings (Figure 6). According to
the porosity formula [33], dry films have lower porosity than wet films (30% vs. 43%).
It is noteworthy that PTFE is typically used in dry-processed electrodes, whereas PVDF
is commonly employed in wet-processed electrodes, as this pairing is dictated by their
respective processing requirements. The choice of binder significantly influences the
SEI composition, the electrode structure, and, consequently, the electrochemical cycling
performance. This inherent constraint reveals the intricate relationship between binder
chemistry and electrode fabrication methods in determining overall battery performance.

Figure 6. Cross-section SEM images of LRM with (a) dry film and (b) wet film.

SEM images of the cycled wet film section (Figure 7) showed obvious large voids,
whereas SEM images of the dry film section did not have excessive pores, confirming
the above illustration. Therefore, the choice of manufacturing process not only affects
the structural integrity of the electrode but also plays a crucial role in determining the
electrochemical performance and efficiency of the battery.

The comparative performance analysis between dry-processed and wet-processed
electrodes conclusively demonstrates that LRM is highly prone to surface degradation (e.g.,
Li;CO;/LiOH formation) and irreversible oxygen release when exposed to moisture or
polar solvents during traditional slurry processing [34]. Therefore, dry processing, which
eliminates solvent use, is suitable for the preparation of LRM electrodes. Furthermore,
compared with commercially dominant cathode materials, such as lithium iron phosphate
(LFP) and nickel-cobalt-manganese (NCM), as shown in Table S2 [27,35], LRMs with a
higher capacity (>250 mAh/g) demonstrate the potential of dry processing in enabling
next-generation high-energy-density cathodes.
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Figure 7. SEM image of cycled (a) wet film and (b) dry film.

4. Conclusions

This study successfully demonstrates the fabrication of lithium-rich manganese oxide
(LRM) cathodes through an innovative dry binder fibrillation process. Through various
morphologies of conductive carbon combinations, we established an optimized three-
dimensional structure connected by points, lines, and surfaces for the cathodes. The
structural design with close contact and tight packing improves the conductivity and
facilitates more efficient e~ /Li* transport, ultimately resulting in enhanced battery per-
formance. Comparing the electrochemical performance of dry electrodes with various
thickness, a high areal capacity of 7.9 mAh cm~2 and a pouch cell with an energy density
of 949 Wh kg ! are achieved. The choice of manufacturing process also plays a crucial
role in determining the performance. The dry film with a network structure optimizes
the pathways for ion transport and electron conduction, leading to reduced resistance
and superior coulombic efficiency and retention over cycling, potentially due to the more
effective structural integrity and minimized side reactions during operation. In contrast, the
wet film exhibits higher impedance due to clusters or a less uniform distribution of active
materials and binders, which can hinder efficient e~ /Li* transfer and lead to increased
side reactions with electrolytes. Therefore, this study proposed a practical strategy for
designing lithium-rich manganese cathodes with high mass loading, aiming to address
issues related to manufacturing processes. The design concept of building continuous
interfaces and optimizing electrode structures can be applied to various cathodes to prepare
high-mass-loading, long-life, and high-energy-density lithium-ion batteries, and can be
further extended to sodium-ion batteries and beyond.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/batteries11040146/s1, Supporting S1: Material preparation route;
Figure S1: SEM image of internal structure of dry film; Figure S2: Electrical conductivity with
different ratios of carbon; Figure S3: Comparison of XRD patterns between LRM raw materials and
dry-processed electrodes; Figure S4: Compaction density and porosity of cathodes with different
thicknesses; Figure S5: Cycling performance of cathodes with various mass loading at 0.1 C; Figure Sé6:
Charge/discharge voltage profile of the Li metal pouch cell at 0.1 C; Figure S7: SEM image of wet
film; Table S1: Film-forming properties and flexibility of electrodes with different material ratios.
Table S2: Comparison of properties of different materials.
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