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ABSTRACT

In the field of lithium-ion battery cathode materials, lithium-rich layered oxide materials have garnered
significant attention due to their exceptional discharge specific capacity and high operating voltage. How-
ever, their limitations in terms of cycling stability and rate capability remain major impediments to their
wider application. In this study, an innovative approach was employed by simultaneously utilizing the
acidic and oxidative properties of phosphomolybdic acid to generate a spinel structure and in-situ coating
of a conductive polymer (polypyrrole) on the surface of lithium-rich layered oxide materials. This strat-
egy aimed to mitigate structural degradation during charge-discharge cycles, enhance the ionic/electronic
conductivity, and suppress side reactions. Experimental results demonstrated that after 200 cycles at a
current density of 1 C, the modified sample exhibited a discharge specific capacity of 193.4 mAh/g, with
an improved capacity retention rate of 83.3% and a minimal voltage decay of only 0.27 V. These findings
provide compelling support for the development and application of next-generation high-performance

lithium-ion batteries.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion battery is a type of energy storage device with high
energy density and long service life. Since its first successful com-
mercialization in 1991, lithium-ion battery has been widely used in
portable electronic devices, aerospace, and other fields. In recent
years, its development and application in electric vehicle power
systems have seen rapid growth [1,2]. However, with the transfor-
mation of the energy structure pursued by society, energy storage
has become increasingly important. Current lithium-ion battery is
gradually unable to meet the growing demand for energy density,
and huge social demand and economic benefits have driven us
to begin researching and developing the next generation of high-
energy-density lithium-ion batteries [3]. Therefore, developing ad-
vanced cathode materials with higher specific capacity is of great
significance for improving the energy density of lithium-ion bat-
teries. In this context, lithium-rich layered oxide (LLO) materials
with high specific capacity (=300 mAh/g) and high energy density
(>1000Wh/kg) have naturally become the most promising cathode
candidates [4,5].

* Corresponding authors.
E-mail addresses: zhanggiaobao@xmu.edu.cn (Q. Zhang), mcli@ncepu.edu.cn (M.
Li).
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Lithium-rich layered oxide materials are generally considered
to be composites of LiITMO, and Li;MnO3 [6], and their formula
can be written as xLi,MnOj3-(1-x)LiTMO, (TM = Mn, Ni, Co, Al). Al-
though lithium-rich layered oxide materials possess powerful ad-
vantages such as high specific discharge capacity, energy density,
and wide operating voltage range that are difficult for other cath-
ode materials to match, they suffer from drawbacks such as large
initial irreversible capacity loss, poor rate performance, and poor
cycle stability [7,8], which hinder their commercial development.
During the initial charging process of lithium-rich layered oxide
materials, electrochemical activation occurs at voltages above 4.5V
(versus Li/Lit), and Lit is deintercalated from LiMnOs;, while 0%~
undergoes a reduction reaction to form O%f or O~, which can pro-
vide additional capacity. This is the reason why lithium-rich mate-
rials have higher capacity than other cathode materials. However,
in the first charge-discharge cycle, there is a large irreversible ca-
pacity and low Coulombic efficiency [9]. For the reduction reac-
tion of 02~, some teams have conducted detailed research [10].
Some researchers believe that 02~ loses one electron to form an
0%~ dimer, and the 02~ dimer inside the lithium-rich material can
reversibly participate in the charge-discharge cycle. However, the
O%f dimer on the surface of the material is highly reactive and can
undergo side reactions with the electrolyte. At the same time, the
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loss of O%f dimers on the surface of the material can create oxygen
vacancies on the particle surface, leading to the rearrangement of
internal transition metal ions in the material and the transforma-
tion of the layered structure to a spinel structure [11,12]. In sub-
sequent charge-discharge cycles, structural degradation will grad-
ually evolve from the surface to the bulk phase, which can cause
the battery to exhibit severe capacity fade and voltage fade [13,14].

To alleviate issues such as oxygen loss, transition metal migra-
tion, and structural degradation, researchers have conducted exten-
sive work. For example, surface modification has been employed
using oxide coating [15-17], conductive substances [18,19], ion
doping [20-22], as well as adjusting the composition and structure
of the material [23-25]. In the field of lithium-ion battery, the in-
situ formation of a spinel structure on the surface of lithium-rich
layered oxide materials is a strategy that can effectively suppress
oxygen loss and structural phase transition during charge and dis-
charge processes, and reduce unfavorable side reactions between
the electrode and electrolyte interface [26-28]. This modification
method can not only significantly improve the initial Coulombic
efficiency and capacity retention rate of the material, but also has
a noticeable enhancement effect on cycling performance and rate
capability. Therefore, modifying lithium-rich layered oxide materi-
als to form heterostructures is considered one of the most effective
ways to enhance its electrochemical performance. As a highly an-
ticipated typical conductive polymer, conductive polypyrrole (PPy)
has demonstrated its unique advantages in multiple fields. Its syn-
thesis process is relatively simple, and it possesses key advantages
such as high electrical conductivity, excellent stability, environ-
mental friendliness, and reversible redox properties [29-31]. These
electrode materials coated with PPy have shown significant per-
formance improvements in electrochemical tests, further demon-
strating the tremendous potential of PPy in electrode material op-
timization.

In this research work, aiming at the shortcomings of structural
degradation and poor rate performance in the process of charging
and discharging of lithium-rich layered oxide materials, a modi-
fied material with a bulk phase structure of layered phase, a sur-
face layer structure of spinel phase, and a PPy film coated on the
outer layer of the particles was skillfully designed on the surface of
lithium-rich layered oxide materials by one-step synthesis method.
The discharge specific capacity of the LLO@S@P-1Mo sample de-
cays from 232.2 mAh/g to 193.4 mAh/g, with a high capacity re-
tention rate of 83.3%. At current densities of 0.1, 0.2, 0.5, 1, 2,
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5, and 10 G, its discharge specific capacities are 308.7, 286, 257,
230, 199, 154, and 116 mAh/g, respectively. In addition, after 200
charge-discharge cycles, the voltage decay of LLO@S@P-1Mo is only
0.27 V. Meanwhile, it is also observed that the diffusion coefficient
of lithium ions in LLO@S@P-1Mo sample is improved.

In this study, PPy was synthesized in situ on the surface of
Li-rich layered oxide materials using the oxidation properties of
phosphomolybdic acid [32]. Specifically, pyrrole monomers lose
an electron under the action of an oxidant and are oxidized to
cationic radicals, which then undergo disproportionation to form
electrically neutral dipyrrole. This chain reaction continues, se-
quentially generating dimers, trimers, and ultimately forming a
conductive polymer film surrounded by chain-like PPy on the sur-
face of lithium-rich layered oxides (Fig. 1a). Although calcination
can cause the decomposition of a small amount of previously
synthesized PPy, this loss can be compensated by increasing the
amount of PPy synthesis.

To further study the changes of surface morphology of Li-rich
layered oxide materials before and after modification, field emis-
sion scanning electron microscopy (FE-SEM) and energy disper-
sive X-ray spectroscopy (EDS) were used to characterize the elec-
trode materials in detail. Figs. 1b-g present the scanning electron
microscopy (SEM) images of LLO, LLO@P (before annealing), and
LLO@S@P-1Mo (after annealing). The SEM images of more sample
particles are shown in Fig. S1 (Supporting information). Through
comparative analysis, it can be clearly observed that the surface of
LLO exhibits numerous protrusions formed by particle agglomera-
tion, resulting in an irregular structure created by the aggregation
of primary particles into larger ones. In contrast, the surfaces of
both LLO@P and LLO@S@P-1Mo display a noticeable and relatively
smooth coating of PPy film, as shown in regions I and II of Figs. 1f
and g. It can be seen from the pictures that the SEM images re-
veal areas where the PPy film on the particle surface appears frac-
tured. This is due to the prolonged ultrasonic treatment applied to
the samples prior to morphological testing, which was intended to
partially detach the PPy film in some regions, allowing for a clearer
distinction between LLO and the PPy coating. The results demon-
strate successful polymerization of pyrrole on the surface of LLO
particles, forming a complete and uniform layer of PPy coating.

Fig. 1h illustrates the elemental mapping images obtained
through energy-dispersive X-ray spectroscopy (EDS) for LLO@S@P-
1Mo. In these images, the distribution of carbon (C) and nitro-
gen (N) elements, which are the main constituent elements of PPy,

Fig. 1. (a) Schematic diagram of LLO@S@P-xMo. SEM images of (b, e) LLO, (c, f) LLO@P, and (d, g) LLO@S@P-1Mo. (h) EDS mappings of the O, Mn, Ni, Co, Mo, C and N

element for LLO@S@P-1Mo.
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provides compelling evidence for the presence of PPy. Specifically,
Fig. 1h clearly demonstrate the uniform distribution of C and N
elements across the material surface, strongly indicating that PPy
is fully and evenly coated on the LLO surface. To further elucidate
the existence of the PPy coating layer, a detailed analysis of C and
N elements was conducted for both the surface PPy coating and
the inner LLO component (Fig. S2 in Supporting information). The
analytical data reveals that the C and N element content in the
LLO component is significantly lower than that in the surface PPy
coating layer, further confirming the presence of the PPy coating.
During the synthesis of PPy, a HT-Li* substitution reaction oc-
curs between the dissociated H* from phosphomolybdic acid and
the surface layer structure of LLO, resulting in the formation of Li
vacancy within the material. This crucial step facilitates the struc-
tural transformation of the material from a layered to a spinel
phase during the subsequent sintering process [33], as shown in
Fig. 1a. To further confirm the existence of the PPy film and spinel
structure on the surface of LLO, high-resolution transmission elec-
tron microscopy (HRTEM) was utilized in this study to conduct an
in-depth microstructural analysis of both LLO and LLO@S@P-1Mo
materials. Fig. 2 presents the HRTEM images of the LLO@S@P-1Mo
material. The observations reveal that the surface of LLO@S@P-1Mo
is indeed encapsulated by a layer of amorphous material, which is
a typical characteristic of PPy films (Figs. 2b and c). Furthermore,
in some edge regions with lattice orientation, two sets of lattice
fringes with different interplanar spacings were observed. The in-
terplanar spacing within the crystal is 0.482 nm, corresponding to
the (003) plane of the layered structure, as indicated in region 1 of
Fig. 2d. In the outer region, these distinct lattice fringes exhibit an
interplanar spacing of 0.210 nm, which perfectly matches the lat-
tice spacing of the (400) plane of the spinel phase, as shown in
region 2 of Fig. 2d. Additionally, Fig. S3 (Supporting information)
displays the HRTEM images of the LLO material. It can be clearly
observed that the LLO particles exhibit typical layered structure
characteristics, which extend from the interior of the crystal to the
surface of the material. Within the LLO crystal, the measured in-
terplanar spacing is 0.479 nm, which is consistent with the (003)
plane of the layered structure. These findings provide direct and
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Fig. 2. (a-d) TEM images of LLO@S@P-1Mo sample.

compelling evidence for the existence of both the PPy film and
spinel structure on the surface of the LLO@S@P-1Mo material.

In order to better understand the surface structure changes of
Li-rich layered oxide materials, X-ray diffraction (XRD) and Raman
spectroscopy were used for detailed analysis. The XRD patterns of
the obtained LLO and LLO@S@P-1Mo samples are presented in Fig.
3a. When compared with the standard card (Fig. 3b), it is evident
that the patterns of both LLO and LLO@S@P-1Mo exhibit similar
characteristic peaks, with most of them attributable to a rhombo-
hedral structure (R-3m, «-NaFeO,). Additionally, weak diffraction
peaks in the range of 20° to 25° originate from Li,MnO3 (C2/m
space group) [34]. However, in the XRD pattern of LLO@S@P-1Mo,
corresponding diffraction peaks belonging to the spinel structure
are not clearly observed (Fig. 3c). This could be attributed to the
low content and poor crystallinity of the spinel structure, making
it difficult to detect the related diffraction peaks [35].

Fig. 3d displays the Raman spectra of LLO and LLO@S@P-1Mo
samples. In the Raman spectrum of LLO@S@P-1Mo, the main peaks
are located at 490 and 605 cm~!, which can be attributed to Ag
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Fig. 3. (a, ¢) XRD patterns of LLO and LLO@S@P-1Mo. (b) XRD standard card pattern, and (d) Raman spectra of LLO and LLO@S@P-1Mo. (e) XPS spectra of LLO and LLO@S@P-
1Mo. High-resolution XPS spectra of (f) C 1s, (g) O 1s, (h) Mo 3d, (j) Mn 2p, (k) Co 2p, and (1) Ni 2p. (i) Relative contents of Ni, Co and Mn.
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stretching vibrations, such as bending vibrations in the layered R-
3 m structure. Other peaks (approximately 335, 370, 415 cm~!) cor-
respond to phonon vibrations of Li,MnO3 [36]. More importantly, a
weak and inconspicuous peak appears at approximately 641 cm™!
in the Raman spectrum of LLO@S@P-1Mo, which can be ascribed
to symmetric Mn-O stretching vibrations in MnOg octahedra in the
spinel phase [37]. This result provides strong evidence indicating
the presence of an induced spinel structure on the surface of the
LLO@S@P-1Mo sample.

In summary, XRD and Raman spectroscopy show that dur-
ing the PPy synthesis process, the dissociation of phosphomolyb-
dic acid and subsequent H*-Li™ substitution reactions promote a
structural transformation of the material from a layered to a spinel
phase to some extent. Although diffraction peaks corresponding to
the spinel structure are not clearly observed in the XRD pattern,
the results from Raman spectroscopy provide conclusive evidence
for its existence.

X-ray photoelectron spectroscopy (XPS) analysis was applied to
deeply investigate the surface elemental chemical valence states
and bonding configurations of LLO and LLO@S@P-1Mo. By analyz-
ing the high-resolution XPS spectra of C 1s, O 1s, Mo 3d, Mn 2p,
Co 2p, and Ni 2p for both LLO and LLO@S@P-1Mo (Figs. 3f-h and
j-1) the surface chemical state of the sample can be more accu-
rately revealed. Firstly, Fig. 3e displays the XPS full spectra of LLO
and LLO@S@P-1Mo, providing comprehensive elemental informa-
tion for subsequent detailed analysis. The C 1s spectrum (Fig. 3f)
primarily exhibits two bonding states in LLO: C-C and C:O/CO%’
with binding energies of 284.76 and 288.71eV [38], respectively.
In LLO@S@P-1Mo, apart from these two bond types, a distinct C-N
peak is observed at a binding energy of 286.17 eV, attributed to
the introduction of PPy in the modified sample [39]. Further anal-
ysis of the O 1s spectrum (Fig. 3g) reveals the presence of three
oxygen-containing valence states corresponding to lattice oxygen,
C:O/CO%’, and -OH with binding energies of 529.54, 531.29, and
533.62 eV, respectively. In the Mo 3d spectrum (Fig. 3h), LLO@S@P-
1Mo exhibits a typical Mo 3d characteristic peak at a binding en-
ergy of 232.23eV [40], further confirming the role of phospho-
molybdic acid in the material synthesis process. For the analysis
of transition metal elements, the high-resolution XPS spectrum of
Mn 2p in Fig. 3j reveals the presence of Mn3* and Mn** with
binding energies of 641.86 and 642.87 eV, respectively. Similarly,
the fitting results of Co 2p;p, (Fig. 3k) indicate the existence of
Co3t and Co2* with binding energies of 779 and 780.4 eV, respec-
tively. In the spectrum of Ni 2p3, (Fig. 31), it can be concluded that
the contributions of Ni2* and Ni3* with binding energies of 854.47
and 855.1 eV, respectively, accompanied by a Ni2* satellite peak at
861.17 eV [41,42].

It is noteworthy that although XPS signal intensity (i.e., peak
area) is often used to infer the relative content of elements, con-
sidering various complex factors that may affect signal intensity,
XPS data can only be used as a semi-quantitative basis for element
analysis. Even so, it is evident from Fig. 3i that compared to LLO,
the relative contents of surface transition elements Co?t, Co3*,
Ni2+, and Ni3*+ on LLO@S@P-1Mo remain almost unchanged, while
the relative content of Mn*t increases significantly. This change
can be attributed to the oxidation effect of phosphomolybdic acid,
which enhances the average valence state of surface transition ele-
ments in the material. In particular, the change in Mn element va-
lence state is believed to be beneficial for the formation of spinel
phases Li;Mns01;,/LiMn; 5Nig 504, further confirming the existence
of a spinel structure on the material surface [43].

Fig. 4a illustrates the relationship between specific discharge
capacity and cycle number for LLO, LLO@S@P-0.5Mo, LLO@S@P-
1Mo, and LLO@S@P-2Mo samples at 1 C. Correspondingly, Figs.
4b and c depict the initial charge-discharge curves of LLO and
LLO@S@P-1Mo at 1 C. As observed from the figures, after 200 cy-
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cles, the specific discharge capacity of the LLO sample decreased
from an initial value of 229.8-172.9 mAh/g. In contrast, the spe-
cific discharge capacity of LLO@S@P-0.5Mo, LLO@S@P-1Mo, and
LLO@S@P-2Mo samples decreased from 208.9, 232.2, and 2513
mAh/g to 188, 193.4, and 168.6 mAh/g, respectively. Accordingly,
their capacity retention rates were 75.2%, 90%, 83.3%, and 67.1%,
respectively. The specific discharge capacity of LLO and LLO@S@P-
1Mo samples at 1 C changes with the number of cycles (Fig. S4
in Supporting information). Through surface modification, the ca-
pacity retention rates of the modified samples were significantly
enhanced, demonstrating excellent electrochemical performance.
This improvement was mainly attributed to two factors: firstly, the
spinel structure effectively alleviated oxygen loss, thus suppressing
the phase transformation of LLO and ensuring good electrochem-
ical stability [27]. Secondly, the existence of spinel structure and
PPy film provides a protective effect of core-shell structure during
the cycling process, which further inhibits the side reactions be-
tween layered structure and electrolyte [39]. These combined fac-
tors contributed to the outstanding electrochemical performance of
the modified samples.

Fig. 4d presents the cyclic rate performance of batteries as-
sembled with LLO, LLO@S@P-0.5Mo, LLO@S@P-1Mo, and LLO@S@P-
2Mo samples at different current densities. Figs. 4e and f show
the discharge curves of LLO and LLO@S@P-1Mo at various cur-
rent densities, respectively. As observed from the figures, the spe-
cific discharge capacities of the LLO material at current densities
of 0.1, 0.2, 05, 1, 2, 5, and 10 C were 280, 264, 240, 217, 188,
140, and 94 mAh/g, respectively. In comparison, the specific dis-
charge capacities of the LLO@S@P-1Mo material battery at these
current densities were 309, 286, 257, 230, 199, 154, and 116 mAh/g,
respectively, indicating that LLO@S@P-1Mo had a higher specific
discharge capacity than LLO at all current densities tested. These
results demonstrate that after composite modification with the
spinel structure and PPy film, the LLO@S@P-1Mo sample exhibited
a higher discharge capacity at different rates, thus exhibiting supe-
rior rate performance. This improvement can be attributed to the
properties of the spinel structure, which acts as a fast lithium-ion
conductor and can effectively increase the diffusion rate of lithium
ions in the charged and discharged state [36]. Meanwhile, as an
excellent electronic conductor, the PPy film can significantly en-
hance the conduction rate of electrons [44]. Therefore, under the
synergistic effect of the spinel structure and PPy film, the rate per-
formance of sample was significantly improved.

Fig. 4g presents the cyclic voltammetry (CV) curve for the first
cycle of LLO and LLO@S@P-1Mo. While both materials showed high
similarity in shape, closer inspection revealed an additional peak
at 3.0/2.85V for LLO@S@P-1Mo, attributed to the emergence of the
spinel phase. Fig. 4h further illustrates the CV curves for the first
three cycles of LLO@S@P-1Mo. The peak near 3.9V corresponds to
the oxidation of Ni%+ and Co3* to higher valence states (Ni3*, Ni**,
and Co**), accompanied by the extraction of Li* from LiMO,. The
peak at 4.6V is associated with the activation process of Li;MnOs,
which involves irreversible oxygen loss [45]. Notably, the specific
redox peaks exhibited by LLO@S@P-1Mo at 3.0/2.85V, as evident
from the figures, indicate a reversible transformation process due
to their consistent position and intensity [46]. Figs. 4j and k depict
the dQ/dV curves of LLO and LLO@S@P-1Mo at different cycles at 1
C. As the cycles progressed, a gradual shift of the reduction peaks
towards lower potentials was observed for both LLO and LLO@S@P-
1Mo, with a stable reduction peak forming at approximately 2.75V.
This shift indicates a structural transformation from a layered to
a spinel structure. Notably, LLO@S@P-1Mo retained a distinct re-
duction peak near 3.2V even after multiple cycles, suggesting the
preservation of more layered structure characteristics [47]. Hence,
it can be inferred that LLO@S@P-1Mo exhibits a more stable lay-
ered structure. Fig. 4i portrays the relationship between average
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Fig. 4. (a) Cycling performance of LLO, LLO@S@P-0.5Mo, LLO@S@P-1Mo, and LLO@S@P-2Mo at 0.1 C (1st) and 1 C. Initial charge-discharge curves of (b) LLO and (c) LLO@S@P-
1Mo at 0.1 C (1st) and 1 C. (d) Rate capabilities of LLO, LLO@S@P-0.5Mo, LLO@S@P-1Mo, and LLO@S@P-2Mo. Discharge curves of (e) LLO and (f) LLO@S@P-1Mo at current
densities of 0.1, 0.2, 0.5, 1, 2, 5, and 10 C. (g) First cycle voltammogram of LLO and LLO@S@P-1Mo. (h) First three cycle voltammograms of LLO@S@P-1Mo. (i) Relationship
between average discharge voltage and cycle number of LLO and LLO@S@P-1Mo. dQ/dV plots of (j) LLO and (k) LLO@S@P-1Mo in different charge and discharge cycles.

discharge voltage and cycle number for LLO and LLO@S@P-1Mo at
a 1 C current density. After 200 cycles, the average discharge volt-
ages of LLO and LLO@S@P-1Mo decreased by 0.36V and 0.27V, re-
spectively. Evidently, through spinel coating modification, the volt-
age decay of the LLO cathode was significantly mitigated, further
confirming the effectiveness of modification in enhancing the elec-
trochemical performance of the material.

To further investigate the impact of the spinel structure and
PPy film on the performance of the LLO cathode, electrochemical
impedance spectroscopy (EIS) tests were conducted using an elec-
trochemical workstation (Zahner Zennium). Measurements were
taken after the 4th, 10th, and 50th cycles of the battery charged
to 4.0V. The resulting Nyquist plots are presented in Figs. 5a-c. It
can be observed from the figures that the EIS spectra of all samples
consist of a semicircle in the high-frequency region, a semicircle in
the mid-frequency region, and a straight line in the low-frequency
region. In the Nyquist plot, the intersection of the high-frequency
region with the real axis is typically regarded as the ohmic re-
sistance (Rs) of the cell. The semicircle in the high-frequency re-
gion represents the impedance (Ry) related to the diffusion mi-
gration of Lit through the cathode electrolyte interface (CEI) film,
while the semicircle in the mid-frequency region corresponds to
the impedance (R¢t) associated with charge transfer. The straight
line in the low-frequency region reflects the solid-state diffusion
impedance of Li* within the active material, which can be rep-
resented by the Warburg impedance (Zy,) that describes diffusion

[48]. The electrochemical model of AC impedance is shown in Fig.
S5 (Supporting information).

Fig. 5d-f depict the impedance parameter plots corresponding
to Figs. 5a-c. It is evident from these figures that the Ry values of
the LLO@S@P-1Mo samples are smaller than those of the LLO cath-
ode. This difference is attributed to the PPy film on the surface of
the LLO@S@P-1Mo samples, which effectively suppresses side re-
actions with the electrolyte, resulting in a thinner and more stable
CEI film. Therefore, compared to LLO, the LLO@S@P-1Mo samples
exhibit lower Li* transfer resistance. Additionally, it is noteworthy
that the Rct values of the LLO@S@P-1Mo samples are also smaller
than those of the LLO samples. Changes in Rt are closely related to
phase transitions within the material, reflecting the structural sta-
bility of the active material during cycling. This suggests that the
spinel structure can alleviate phase transitions during the reaction
process, maintaining the stability of the crystal structure and ulti-
mately enhancing the cycling stability of LLO [49]. These results
provide valuable insights into how the spinel structure and PPy
film improve the performance of the LLO cathode.

The diffusion rate of lithium ions plays a crucial role in the
electrode materials of lithium-ion batteries, exerting a direct and
profound influence on the rate capability of the batteries. In or-
der to thoroughly investigate the specific effects of spinel and PPy
components on the diffusion coefficient of lithium ions, the behav-
ior of LLO and LLO@S@P-1Mo samples during the second charge
and discharge cycle was measured in detail using the Galvanostatic
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Fig. 5. Nyquist plots of LLO and LLO@S@P-1Mo after (a) 4, (b) 10, and (c) 50 cycles at 1 C, and (d-f) their corresponding impedance parameters. GITT curves of (g) LLO
and (h) LLO@S@P-1Mo during the second charge-discharge process (0.2 C). (i) Single titration GITT curve. (j, k) Li* diffusion coefficient during charge and discharge process
obtained from GITT test. (1) Distribution diagram of polarization voltage with voltage change.

Intermittent Titration Technique (GITT) method [34]. Figs. 5g and h
show the charge and discharge GITT curves for LLO and LLO@S@P-
1Mo samples. During the titration process, a constant current of
0.2 C was used for 10 min of charge and discharge, followed by a
30-min rest before the next charge and discharge. This process was
continued until the voltage reached 4.8V or 2.0V, respectively. As
clearly observed in Fig. 5i, there is a definite linear relationship
between the square root of titration time and voltage. Combining
GITT testing with corresponding data calculations, the relationship
curves between lithium-ion diffusivity and charge potential can be
obtained (Figs. 5j and k). It is evident from the GITT data that
the lithium-ion diffusion coefficient of the LLO@S@P-1Mo sample
is higher than that of the LLO sample, with maximum values of
1.388x10710 and 1.004x10-10 cm?/s, respectively. This result pro-
vides a compelling explanation for its superior rate performance.

Additionally, Fig. 51 reveals the polarization phenomenon dur-
ing the charging process for both LLO and LLO@S@P-1Mo samples.
The results show that the polarization rate of the LLO@S@P-1Mo
sample is lower than that of the LLO sample. The GITT experi-
ments strongly demonstrate the excellent electrochemical perfor-
mance of the LLO@S@P-1Mo sample in terms of rapid lithium-ion
diffusion and low electrode ohmic polarization. The significant im-
provement in lithium-ion diffusivity for the LLO@S@P-1Mo sample
may be closely related to the presence of a layered spinel struc-
ture.

In this paper, the acidity and oxidation properties of phospho-
molybdic acid are skillfully utilized to prepare a modified lithium-
rich layered oxide materials with a composite structure through
an innovative method. This material possesses characteristics of
both layered and spinel phases, as well as particles coated with a

PPy film. This composite structure not only significantly mitigates
structural degradation issues during the layered-to-spinel phase
transition in lithium-rich layered oxide materials during charge
and discharge processes, but also protects the electrode materials
from the erosion of the electrolyte. Through comprehensive evalu-
ation of the electrochemical performance of the modified material,
it was found that the LLO@S@P-1Mo modified sample can main-
tain a high specific discharge capacity of 193.4 mAh/g after 200
cycles at a current density of 1 C, with an improved capacity re-
tention rate of 83.3% and a voltage attenuation of only 0.27V. It
is worth mentioning that the lithium ion diffusion coefficient and
rate performance of the modified sample are also improved. This
method provides a new solution strategy for protecting lithium-
rich layered oxide materials during long-term charge and discharge
processes and opens up new avenues for the development of high-
performance lithium-ion batteries.
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