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Achieving Uniform Ti/P Co-Modifications for Optimized Li+

Transport Kinetics of LiCoO2

Changfa Sun, Hengyu Ren, Xiaohu Wang, Haocheng Ji, Haocong Yi, Wenguang Zhao,
Lin Zhou, Qinghe Zhao,* and Feng Pan*

Recently, the deteriorated Li+ transport kinetics of LiCoO2 (LCO) due to the
presence of uneven surface coatings and dopants has long puzzled
researchers. Herein, by using the hydrolysis of tetrabutyl titanate
(C16H36O4Ti), the interaction between LCO and LiH2PO4 is effectively
regulated, constructing uniform Li3PO4 deposit and Ti-enriched rocksalt (RS)
phase on the surface of TP-LCO. The ultrathin Ti-enriched RS phase can
effectively stabliize the surface lattice oxygen and enhance Li+ transport
kinetics, suppressing the Co/O loss and structural collapse. Simultaneously,
the uniformly distributed Li3PO4 deposits serve as a substrate that facilitates
the formation of the reinforced and P-enriched cathode-electrolyte interphase
(CEI), ensuring the long-term cycling structural stability. Benefiting from the
synergistic effect of uniform bilayer structure, TP-LCO presents a high
capacity of 181.7 mA h g−1 at the current of 8 C in the TP-LCO/Li cell, and a
high capacity retention of 90.9% after 600 cycles at the current of 1 C in the
TP-LCO/graphite cell.

1. Introduction

Over the past few decades, lithium-ion batteries, as high-energy-
density energy storage devices, have been widely utilized in
portable electronic products and electric vehicles, becoming an
indispensable part of daily life.[1–4] Among the reported cath-
ode materials, LiCoO2 (LCO) dominates the 3C electronics mar-
ket due to its high volumetric energy density and excellent
conductivity.[5] However, with the development of science and
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technology, there is a growing demand
for higher energy-density batteries.[6–8]

Expanding the voltage window of LCO is
the most direct and effective method
to achieve higher energy density. For
instance, when the cut-off charge volt-
age increases to 4.6 V (vs Li/Li+), the
discharge capacity of LCO can reach
220 mA h g−1, which is a significant im-
provement compared to the currently used
4.45 V LCO (<190 mA h g−1), demon-
strating a rational approach to achiev-
ing high-energy-density LCO cathodes.
However, upon high cut-off voltage op-

eration, detrimental structural degradation
and rapid capacity fading occur on the LCO.
In a deeply delithiated state, intense hy-
bridization between Co 3d and O 2p or-
bitals takes place, causing electron extrac-
tion from O2−, and triggering an oxygen re-
dox reaction from O2− to On− (0 < n < 2),

leading to oxygen loss and side reactions with the electrolyte.[9–12]

Furthermore, the heterogeneous Li+ (de)intercalation processes
exacerbate an irreversible phase transition (i.e., CoO2 → Co3O4),
resulting in increased impedance and capacity decay.[13] Addi-
tionally, when the voltage exceeds 4.55 V, the irreversible phase
transition from O3 to H1-3 results in the contraction and slid-
ing of the O─Co─O layer along the c-axis, which leads to step-
like degradation (SSD) and crack formation.[14,15] Consequently,
the structure decay issues of LCO originate from the surface
and further aggravate the bulk phase degradation, so the struc-
tural design of the LCO surface is considered an effective strat-
egy to simultaneously achieve high capacity and excellent cycling
performances.[16]

Surface coating strategies based on different types of elements
have been widely reported. Through these strategies, atomic-
scale modifications were achieved, leading to the optimization
of the material’s fundamental physicochemical properties. Ele-
ments such as Ti, Mg, Al, F, and P have been demonstrated to
be effective in improving the material properties.[15,17–20] Among
these, Ti and P are included in the range of the most promising
modifying elements due to its low cost, abundant availability, and
non-toxicity.[21] Currently, the optimizedmechanisms reported in
the literature regarding Ti can be categorized into the following
aspects: First, Ti segregation at grain boundaries and surfaces fa-
cilitates uniform strain distribution within particles, thereby pre-
venting crack formation.[9] Second, Ti is doped in the surface or
the bulk phase to form stronger Ti─O bonds, thus stabilizing the
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lattice oxygen.[22] Third, the formation of solid electrolytes such
as LiTi2(PO4)3, Li1.5Al0.5Ti1.5(PO4)3 has demonstrated excellent
performance when coated on cathode materials.[23–25] Addition-
ally, P is frequently reported to form the protective Li3PO4 sur-
face coating, effectively mitigating interfacial side reactions.[26]

Despite the above-mentioned progress, the interaction between
the modified elements and LCO during the synthesis process,
particularly the mutual effects of multi-element modification, re-
mains unclear. Thus, clarifying the synergistic effects of multiple
modified elements during synthesis is of great significance for
guiding the development of LCO cathode materials.
Herein, we successfully achieve the construction of a uniform,

highly Li+- conductive Ti-enriched RS phase and homogeneous
Li3PO4 deposits on the surface of TP-LCO, utilizing the synergis-
tic effect of Ti(OH)4·2H2O (hydrolysis of tetrabutyl titanate) and
LiH2PO4 during the solution treatment process to regulate the
degree of Li+/H+ exchange, followed by moderate-temperature
sintering. The uniformly distributed Ti-enriched RS phase and
Li3PO4 coating layer enhance the surface Li

+ transport kinetics,
and ensures the homogeneity of Li+ (de)intercalation. Moreover,
benefiting from the formation of stronger Ti─O bonds, it avoids
the degradation issues of Co/O loss and structural collapse. Upon
cycles, the uniform Li3PO4 substrate facilitates the formation
of a robust LiF/Li3PO4-containing cathode-electrolyte interphase
(CEI) on the TP-LCO. Owing to the comprehensive surface mod-
ification, TP-LCO exhibits a high capacity of 181.7 mA h g−1 at
an 8 C current rate (in TP-LCO/Li cells, 1 C = 200 mA g−1) and
maintains 90.9% capacity retention after 600 cycles at 1C (in TP-
LCO/graphite cells).

2. Result and Discussion

2.1. Structure and Morphology

In this work, to well understand the benefit roles of uniform
surface modification, we synthesize three kinds of samples, in-
cluding the pristine LCO (LCO), the Li3PO4 modified LCO (P-
LCO), and the Ti/P co-modified LCO (TP-LCO), and the syn-
thesis process is clarified in detail in the Experimental Sec-
tion (Supporting Information). As characterized by X-ray diffrac-
tion analysis (XRD) (Figure S1, Supporting Information), both
the LCO, P-LCO, and TP-LCO display R-3m layered structures
without any impurity phases. The Rietveld refinement results
(Figure 1a; Figure S2 and Tables S1–S3, Supporting Information)
further show that the lattice parameters retain nearly the same,
indicating that the surface treatment does not alter the bulk struc-
ture of LCO.
Scanning electron microscopy (SEM) reveals that the pristine

LCO exhibits a near-spherical morphology with a smooth and
clean surface, and with a D50 value of ≈5 μm (Figure S3, Sup-
porting Information). For P-LCO, when treated with LiH2PO4
alone, the SEM results show some corrosion and uneven coating
appearing on the surface. (Figure S4, Supporting Information).
We consider that the decrease in pH during the LiH2PO4 solu-
tion treatment can lead to the above surface corrosion. In con-
trast, the surface of TP-LCO displays a dense and uniform sur-
face coating (Figure S5, Supporting Information). For TP-LCO,
the solution containing hydrolysis product of tetrabutyl titanate
(i.e., Ti(OH)4·2H2O) can be utilized as a pH buffer (Figure S6,

Supporting Information), regulating the solution pH and thereby
inducing controlled modifications to the surface structure of TP-
LCO (Equation S1, Supporting Information). Furthermore, the
X-ray photoelectron spectroscopy (XPS) result (Figure S7, Sup-
porting Information) reveals the Ti existence on the surface of
TP-LCO.[27] Moreover, the XPS etching results (Figure S8, Sup-
porting Information) qualitatively indicate that Ti can partly dif-
fuse into the near-surface Co─O lattice of LCO, while P is mainly
distributed on the surface region, and the specific distribution
of elements requires more precise characterization of individual
LCO particles.
High-resolution transmission electron microscopy (HRTEM)

results further elucidate the surface structure of TP-LCO. Dif-
fering from the well-defined layered structure of LCO (Figure
S9, Supporting Information), the surface of TP-LCO exhibits a
multi-phase structure character (Figure 1b). Fast Fourier trans-
form (FFT) analysis is further performed on the selected areas
in Figure 1b (I for the outermost layer, II for the surface, and
III for the bulk phase). The FFT result from region III exhibits
a pure layered structure, while region II exhibits the uniformly
distributed RS phase with a thickness of ≈5 nm. Compared to
the layered phase, the RS phase exhibits a disordered arrange-
ment of Li and Co on the cation lattice, serving as anO-stabilizing
layer.[28] Meanwhile, EDS results indicate a significant Ti enrich-
ment in the surface RS region (Figure S10, Supporting Infor-
mation), which is consistent with previous literature, introduc-
ing high-valence cations can benefit to form RS phase on the
LCO surface.[29–31] In addition, we supplement density functional
theory (DFT) calculations to evaluate the stability of lattice oxy-
gen with and without Ti doping, and several configurations have
been constructed for the rocksalt phase of LCO with Ti doping,
and three oxygen sites that correspond to different local environ-
ments have been selected for the evaluation. As shown in Figure
S11 (Supporting Information), for all configurations after delithi-
ation, the Ti doping will always lead to higher formation energy
for an oxygen vacancy, as compared to the case without Ti dop-
ing, which suggests the high thermodynamic stability of the Ti-
doped rocksalt phase. FFT results from region I (Figure 1b) can
be indexed as Li3PO4. To further prove this point, the TP-LCO
particles are directly dispersed on Cu mesh and then character-
ized byHRTEM,which further confirms the existence of uniform
Li3PO4 coating on the surface of TP-LCO (Figure S12, Supporting
Information).
In contrast, P-LCO exhibits surface corrosion and inhomoge-

neous Li3PO4 distribution, leading to structural non-uniformity
across the material surface. HRTEM shows that, in some lo-
calized regions, the surface of P-LCO displays a thick and un-
even RS phase layer, while in other regions, the layered phase
still persists beneath the agglomerated Li3PO4 deposits (Figure
S13, Supporting Information). In order to further verify the
composition of Ti/P surface coating on TP-LCO, a 20% scale-
up coating experiment is performed. The characteristic XRD
peaks of Co3O4 and Li3PO4 can confirm the excessive Li+/H+ ex-
change during LiH2PO4/LCO interaction (Figure S14, Support-
ing Information),[32] resulting in the formation of substantial Li+-
deficient regions in the surface of TP-LCO, and the conversion of
phosphate or hydrogen phosphate group to Li3PO4.
As described above, the schematic diagram of the synthesis

process for P-LCO and TP-LCO is illustrated in Figure 1c. Surface
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Figure 1. a) XRD pattern and Rietveld refinement result of TP-LCO. b) TEM and FFT analyses on the surface structure of TP-LCO. c) The schematic
diagram of the synthesis process for P-LCO and TP-LCO.

treatment of LCO using solely LiH2PO4 solution (P-LCO) leads to
non-uniform LCO/solution interactions (i.e., Li+/H+ exchange),
resulting in heterogeneous RS phase and uneven Li3PO4 coat-
ing layer formation. Upon introducing Ti(OH)4·2H2O (TP-LCO),
the near-neutral solution environment promotes homogeneous
LCO/solution interactions, which enables the formation of a uni-

form, thin RS phase structure with evenly distributed Li3PO4
coating. Based on the above analyses, the structure features of
three kinds of LCO samples are summarized in Table 1. For TP-
LCO, the surface Li3PO4 acts as both a good Li+ conductor and
the participant for the formation of robust CEI, and the surface
Ti-enriched RS acts as the lattice O stabilizer upon high-voltage

Table 1. Illustration of the surface structure features of three samples.

Sample Treatment Surface structure

LCO – Pure layered phase

P-LCO LiH2PO4 Uneven distribution of RS phase and layered phase

TP-LCO LiH2PO4+Ti(OH)4 Uniform and thin (5 nm) Ti-enriched RS layer with Li3PO4 surface coating
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Figure 2. Electrode performances of LCO/Li cells, P-LCO/Li cells, and TP-LCO/Li cells at 25 °C. a) Charge–discharge curves within a voltage range of
3–4.6 V at 0.2 C. b) Comparison of rate performances. c) Comparison of cycle stability in LCO/Li cells in 3–4.6 V, at the current of 1 C. d) Comparison
of cycle stability in LCO/graphite cells in 3–4.55 V, at the current of 1 C.

operations. The synergistic effects of multiple factors play a cru-
cial role in stabilizing surface structure and facilitating Li+ trans-
port kinetics.

2.2. Electrode Performance

To assess the beneficial role of Ti/P modification, the electrode
performances of samples are evaluated in LCO/Li cells and
LCO/graphite cells at room temperature (25 °C). The selection
of P sources is significant for the surface treatment. At the be-
ginning, two kinds of P sources are selected, including LiH2PO4
and H3PO4, and the molar ratio of P/Co is selected as 0.5%. The
results reveal that, in LCO/Li cells, the LiH2PO4-LCO exhibits
a higher capacity of 200 mA h g−1 at 1 C (1 C = 200 mA g−1)
with 95.6% capacity retention in 100 cycles, while the H3PO4-
LCO only shows the lower capacity of 190 mA h g−1 at 1 C with
93.2% capacity retention in 100 cycles (Figure S15, Supporting
Information). As noted, compared with LiH2PO4-LCO, H3PO4-
LCO displays obvious capacity activation in the initial 3 cycles,
mainly due to the more extensive Li+/H+ exchange process in-
duced by H3PO4, which leads to the more serious surface deteri-
oration of LCO, and results in reduced Li+ transport kinetics of
surface structure. Thus, LiH2PO4 is selected as the P source for
surface modification of LCO. Subsequently, based on the same
P contents, the amount of tetrabutyl titanate for the LCO coat-
ing process is also investigated, and the results show that, TP-

LCO with 0.25% Ti and 0.5% P shows the highest 1 C capacity
(203.4 mA h g−1) and highest capacity retention (92.1%) in 200
cycles (Figure S16, Supporting Information).
The charge/discharge curves of LCO/Li cells at the current

of 0.2 C are compared in Figure 2a. The results indicate that,
as the surface properties vary from LCO to P-LCO and TP-
LCO, the discharge curves display progressively increased voltage
plateaus, i.e., the reduced polarization, showing the progressively
enhanced Li+ transport kinetics. Besides, the initial Coulombic
efficiency (ICE) values also gradually increase from 92.8% to
93.4% and 94.1%, respectively, indicating the reduced interface
side reactions (Figure S17a–c, Supporting Information). Mean-
while, the 1st charge curve of P-LCO shows a higher charging
plateau than the following cycles, mainly due to the uneven dis-
tribution of Li3PO4 and thick RS phase on the surface of P-LCO
(Figure S17b, Supporting Information). For TP-LCO, there exists
a good overlap of the charge/discharge curves in initial cycles, in-
dicating enhanced surface structure stability (Figure S17c, Sup-
porting Information).
To reveal the facilitated Li+ transport kinetics of TP-LCO, the

rate performances are further compared, as shown in Figure 2b.
The results indicate that TP-LCO shows the best rate perfor-
mance, with a high discharge capacity of 181.7 mA h g−1 at 8
C, which is significantly better than that of LCO (109.3 mA h g−1)
and P-LCO (150.7 mA h g−1). Additionally, we further carry
out Ti-surface-modified LCO (T-LCO) (Figure S18, Supporting
Information), and the results show that T-LCO exhibits more

Adv. Funct. Mater. 2025, 2506727 © 2025 Wiley-VCH GmbH2506727 (4 of 10)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202506727 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [07/06/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

superior rate performance than that of LCO and P-LCO, but
is inferior than that of TP-LCO, highlighting the synergistic
effect of surface P and Ti on facilitating the Li+ transport
kinetics.
The cycle stability is further performed to evaluate the effec-

tiveness of the Ti/P-optimized surface structure. Figure 2c com-
pares the cycle performances of LCO, P-LCO, and TP-LCO elec-
trodes at a current of 1 C, tested in LCO/Li cells. The results show
that TP-LCOmaintains a capacity retention of 90.1% after 300 cy-
cles at 1 C, which is much higher than that of P-LCO (retention
of 83.1%), and significantly better than that of the LCO (reten-
tion of 54.1%). Moreover, the evolution of both charge/discharge
average voltages and the Coulombic efficiency indicate severe in-
terfacial side reactions and structural degradation in LCO during
long-term cycling, while TP-LCO maintains excellent structural
stability. (Figure S19, Supporting Information). In addition, TP-
LCO also exhibits remarkable electrochemical stability in both
high-mass-loading electrodes (Figure S20, Supporting Informa-
tion) and elevated-temperature cycling at 45 °C (Figure S21, Sup-
porting Information).
To clarify the practical usage of TP-LCO, the cycle of

LCO/graphite full cells is further performed within a voltage
range of 3–4.55 V (Figure 2d). The results indicate that, in
LCO/graphite cells, TP-LCOdisplays excellent cycle stability, with
a capacity retention of 90.9% after 600 cycles at 1C, which is
significantly higher than the 63.9% retention of P-LCO, and far
superior to the 54.1% retention of LCO. Combining the above
results, the electrode performances of TP-LCO are quite com-
petitive among the recently reported high-voltage LCO cathodes
(Table S4, Supporting Information). In addition, these results
clearly illustrate the synergistic effect of Ti/Pmodification, which
considerably optimizes the surface and interface structure, re-
sulting in stabilized and facilitated Li+ transport kinetics for TP-
LCO. More discussions will be carried out subsequently to elab-
orate on the beneficial mechanism of surface Ti/P modification.

2.3. Enhanced Li+ Transport Kinetics

As described above, Ti/P modification benefits a lot on both the
stabilized structure and facilitated Li+ transport kinetics of TP-
LCO. In order to explore the facilitated Li+ transport kinetics,
electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV) are tested, utilizing the LCO/Li cells, which can sensi-
tively characterize the interface reactions of LCO.[33,34] The EIS of
LCO/Li cells consistently exhibit three characteristic features, i.e.,
two semicircles and one slope tail, corresponding to impedance
of surface film resistance (Rsf), charge transfer resistance (Rct)
at the surface, and the Li+ ion diffusion resistance in the struc-
ture, respectively.[35] The EIS diagrams can be further analyzed in
the form of distribution of relaxation times (DRT) results (Figure
S22, Supporting Information), which can further decouple the
intertwined electrochemical steps, i.e., RCEI and RSEI. The results
show that the change in the value of Rsf mainly comes from the
evolution of RCEI, demonstrating the critical role of interface and
surface structure in both structural stability and Li+ transport ki-
netics of LCO.[36]

As illustrated in Figure 3a–c, the in situ EIS measurements in
the 2nd cycle are conducted, and the fitting results (Figure S23,

Supporting Information) display much lower Rsf values for TP-
LCO compared to that of LCO and P-LCO, indicating amore con-
ductive and superior CEI for the interface Li+ transport. Besides,
we also observe that the Rct value of TP-LCO is alsomuch smaller
than that of LCO. We consider that the constructed double-layer
surface of TP-LCO can effectively prevent the rapid degenera-
tion in the near-surface, thus enabling a stabilized and facili-
tated surface and interface Li+ transport kinetics. Even after long-
term cycles, this stabilized and facilitated Li+ transport kinet-
ics of TP-LCO can still be well retained (Figure S24, Supporting
Information).
Figure 3d–f display the CV curves in the initial 5 cycles within

the voltage range of 3–4.6 V, andwith a scan rate of 0.2mV s−1. As
the cycle proceeds, the redox peak spacing (△V) values for LCO,
P-LCO, and TP-LCO are 0.228, 0.186, and 0.168 V, respectively.
The results indicate a gradually decreased tendency of △V val-
ues, reflecting the gradually decreased surface polarization. Be-
sides, the CV measurements at various scan rates (from 0.4 to
1.4 mV s−1) between 3 and 4.6 V are used to further evaluate the
Li+ diffusion kinetics, as shown in Figure S25 (Supporting Infor-
mation). The kinetics behavior can be fitted by the formula of i =
a𝜈b, in which i represents the peak current of the anode/cathode
peaks (mA g−1), 𝜈 represents the scanning rates (mV s−1), and
the closer the b value is to 1, the better the Li+ ions diffusion ki-
netics of cathodes.[31] The fitting results (Figure 3g–i) show that
the b values of the anodic and cathodic plots for TP-LCO are 0.78
and 0.87, respectively, which are significantly higher than that of
LCO (0.48 and 0.57) and P-LCO (0.61 and 0.66), indicating that
TP-LCO has the best Li+ transport kinetics. The enhanced Li+

transport kinetics can be further characterized by the galvanos-
tatic intermittent titration technique (GITT).[37] In initial cycles,
TP-LCO demonstrates a slightly higher Li+ diffusion coefficient
(DLi+) than that of LCO (Figure S26, Supporting Information).
After 100 cycles, the DLi+ of LCO decreases significantly, indicat-
ing the severely surface deterioration upon cycles, while the DLi+
of TP-LCO increases obviously, indicating the formation of rein-
forced CEI upon cycle, which can be confirmed by the increased
Rsf values and nearly unchanged Rct values for TP-LCO in differ-
ent cycles (Figure S24, Supporting Information). Combining all
the EIS, CV, and GITT results, the facilitated Li+ transport kinet-
ics of TP-LCO is confirmed. More characterizations of CEI and
near-surface structure will be carried out in the following sec-
tions, aiming to reveal the interfacial evolution of TP-LCO during
cycling.

2.4. Regulated CEI Formation

The formation of robust CEI plays an important role in enhanc-
ing the performance of LCO.[38,39] Therefore, we further analyze
the CEI layers of LCO and TP-LCO after 100 cycles at the current
of 1 C, and the morphology and composition of the CEI are char-
acterized using HRTEM, as shown in Figure 4a–d. As observed,
the CEI on the LCO surface exhibits a thin and uneven charac-
ter, with numerous defects and irregular protrusions, due to the
excessive side reactions between LCO and electrolyte (Figure 4a).
Besides, in some regions, the thickness of CEI is less than 5 nm,
and it displays an almost amorphous state (Figure 4b), which
greatly deteriorates the Li+ conductivity of CEI. In contrast, the
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Figure 3. Comparison of the Li+ transport kinetics of LCO, P-LCO, and TP-LCO. a–c) Comparison of in situ EIS curves in the 2nd cycles in LCO/Li cells
under 25 °C. d–f) CV tests within a voltage range of 3–4.6 V at a constant voltage scanning of 0.2 mV s−1. g–i) The b value is calculated by the CV curve
of LCO/Li cell at 25 °C from 0.4 to 1.4 mV s−1.

CEI of TP-LCO displays a remarkably uniform and dense char-
acter (Figure 4c), with a thickness of ≈20 nm, covering homo-
geneously on the surface (Figure 4d). In addition, the diffrac-
tion spots representing the LiF (400) plane and Li3PO4 (002)
plane are observed in the CEI of TP-LCO, and the correspond-
ing EDS mapping results clearly indicate the formation of a uni-
form P-enriched CEI on the surface of TP-LCO after 100 cycles
(Figure 4e).
XPS is further employed to investigate the detailed composi-

tion of CEI on surfaces of both LCO and TP-LCO. In Figure S27
(Supporting Information), theO 1s, F 1s, and P 2p spectra for CEI
of LCO and TP-LCO are analyzed, respectively. Plenty of organic
species exist in CEI of LCO, due to the solvents’ oxidation by the
highly oxidative Co4+/On- (0<n<2). The solvents’ decomposition
can also aggravate the hydrolysis of LiPF6 salt, leading to the for-
mation of some inorganic species (such as LixPFyOz, etc.), and

causing more Co dissolution from LCO, as shown in the coupled
plasma-optical emission spectroscopy (ICP-OES) results on the
Li anode side (Figure S28, Supporting Information).[40] For TP-
LCO, more inorganic species (Li3PO4 and LiF) exist in CEI, and
nearly no Co signal exists on the Li anode side, indicating that
the Ti/P modification can effectively reduce the decomposition
of solvents and Co dissolution. Thus, LiPF6 decomposes exclu-
sively to LiF components at the interface of TP-LCO and avoids
the hydrolysis process, which further reinforces the durability of
CEI.
The critical role of Ti/P modification in CEI regulation is

clearly demonstrated (Figure 4f). For TP-LCO, the Ti/P modifica-
tion can significantly reduce the interface side reactions, and the
uniform Li3PO4 substrate facilitates the formation of a uniform
and dense LiF/Li3PO4-containing CEI on the surface of TP-LCO,
which is electrochemically stable and highly conductive, thus

Adv. Funct. Mater. 2025, 2506727 © 2025 Wiley-VCH GmbH2506727 (6 of 10)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202506727 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [07/06/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 4. Side reactions and CEI characterization. a,b) TEM characterizations of CEI layers on LCO, and correlated diffraction patterns. c,d) TEM char-
acterizations of CEI layers on TP-LCO, and correlated diffraction patterns. e) EDS mapping of P, Ti, O, F, and Co in the near-surface of TP-LCO. j) The
Schematic diagram of CEI evolution on the surface of TP-LCO.
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Figure 5. a,b) The dQ/dV curves of LCO and TP-LCO in 200 cycles. c) Comparison of O3/H1-3 transitions of the charged LCO and TP-LCO (at 4.6 V) at
25 °C. d) Variations of (003) peaks of two samples between the pristine and after 200 cycles. e,f) The HRTEM of LCO and TP-LCO and corresponding
FFT results after 100 cycles within a voltage range of 3–4.6 V at 1 C.

enhancing the surface stability and interface Li+ transport kinet-
ics of TP-LCO.

2.5. Achieving Long-Term Structure Stability

As reported previously, the unprotected LCO surface usually suf-
fers from severe side reactions and structure degradation when
operated at high voltage. The structure decay includes the Co/O
loss, curvature of Co-O slabs, and inhomogeneous Li+ extraction,
etc., which finally leads to the irreversible O3/H1-3 phase transi-
tions, and deteriorates the overall stability of LCO particles.[41–43]

The reversibility of O3/H1-3 phase transitions can be reflected by
the redox peaks in dQ/dV curves within the voltage range of 4.5–
4.6 V (Figure 5a,b).[13,44] It is evident that the O3/H1-3 phase tran-
sition in TP-LCO is more reversible than that in LCO, indicating
enhanced phase reversibility due to the Ti/P modification. More-

over, through comparative analysis of the ex-situ XRD patterns
at the fully charged state (to 4.6 V) in the 1st cycle (Figure 5c),
the proportion of H1-3 phase peaks of TP-LCO is calculated as
≈71.8%, which is higher than that of LCO (≈50.32%), indicating
that TP-LCO exhibits higher state of charge (SOC) at 4.6 V.
We further characterize the XRD patterns of the cycled LCO

and TP-LCO. As shown in Figure 5d, in 200 cycles, the varia-
tion of (003) peak for TP-LCO is only 0.017°, which is signifi-
cantly lower than that of LCO (0.136°), showing more reversible
phase transitions andmore stable bulk structure of TP-LCOupon
long-term cycles. In addition, the difference between XRD pat-
terns of the cycled P-LCO and LCO is nearly invisible, indicat-
ing that only applying P modification can hardly enhance the
phase durability (Figure S29, Supporting Information). Thus,
as described, an enhanced and more reversible phase transi-
tions can be achieved only upon the synergistic effect of Ti/P
modifications.

Adv. Funct. Mater. 2025, 2506727 © 2025 Wiley-VCH GmbH2506727 (8 of 10)
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Figure 6. The schematic diagram of the Ti/P modification mechanism.

Figure S30 (Supporting Information) presents the SEM mor-
phology for LCO and TP-LCO electrodes after 100 cycles. It is
evident that numerous cracks exist in LCO, while TP-LCOmain-
tains its original characteristics without any crack’s generation.
HRTEM is further employed to reveal the evolution of surface
structures of the cycled LCO and TP-LCO. Figure S31 (Support-
ing Information) shows the surface structures of LCO and TP-
LCO after the 1st cycle. In Figure S31 (Supporting Information),
the outermost surface structure of LCO has transformed into a
spinel phase, indicating the vulnerable character of the layered
phase. In contrast, the surface structure of TP-LCO remains in
its pristine state, with a thin Ti-enriched RS phase, which well
protects the layered structure in the subsurface.
Figure 5e,f and Figure S32 (Supporting Information) reveal the

surface structures of LCO and TP-LCO after 100 cycles. As shown
in Figure 5e, a thick spinel phase distributes in the surface (Re-
gion I), and an extensive mixed phase of spinel and layered ex-
ist in the subsurface (Region II) of LCO. The thickness of this
phase transition layer is beyond 50 nm from the surface to the
interior of LCO, which seriously blocks the surface Li+ transport
with large surface impedance (Figure S24, Supporting Informa-
tion). Besides, due to the uneven delithiation, large cracks are
also observed on the surface of LCO after 100 cycles. In contrast,
for TP-LCO, the surface structure still remains its pristine state,
with the surface Ti-enriched RS phase and the adjacent layered
phase distributing in the subsurface and bulk regions (Region
II), without detectable cracks’ formation (Figure 5f).
Combining the above, themechanism of uniformTi/Pmodifi-

cation is illustrated in Figure 6. To obtain both the stabilized and
facilitated Li+ transport of LCO, in this work, Ti and P are simul-
taneously applied to realize the uniform surface Ti-enriched RS
phase and surface Li3PO4 deposits of TP-LCO. In which, the Ti-
enriched RS phase not only acts as an O-stabilizing structure, but
also ensures the facilitated surface Li+ transport kinetics of TP-
LCO, and the Li3PO4 deposit enhances the interface Li

+ transport
kinetics and promotes the formation of robust CEI upon cycles.
Due to the synthetic effects of Ti/P modification, both the elec-

trolyte decomposition or organic solvent’s oxidation, Co/O loss,
and structure collapse issues are reduced, thus leading to both
superior cycle stability and rate performances.

3. Conclusion

In summary, this study proposes a strategy to optimize both the
stability and Li+ transport kinetics of LCO. By applying surface
optimization, i.e., forming thin Ti-enriched RS phase and uni-
formly distributed Li3PO4 deposits on the surface of TP-LCO,
both the cycle stability and rate performances are reinforced. The
Ti-enriched RS phase not only acts as an O-stabilizing structure
but also ensures the facilitated surface Li+ transport kinetics and
reduced polarization of TP-LCO. Besides, the surface Li3PO4 en-
hances the interface Li+ transport kinetics and promotes the for-
mation of robust P-enriched CEI upon cycles. Benefiting from
these surface Ti/P modification, TP-LCO presents a high ca-
pacity of 181.7 mA h g−1 at the current of 8 C in TP-LCO/Li
cells and shows exceptional stability with 90.9% capacity reten-
tion after 600 cycles at 3–4.55 V in TP-LCO/graphite cells. This
work provides new insights into the synthesis of advanced LCO
cathodes.
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the author.

Acknowledgements
C.S. and H.R. contributed equally to this work. This work was financially
supported by the International joint Research Center for Electric Vehicle
Power Battery and Materials (No. 2015B01015), the Basic and Applied Ba-
sic Research Foundation of Guangdong Province (No. 2021B1515130002),
the Guangdong Key Laboratory of Design and calculation of New En-
ergy Materials (No. 2017B030301013), and the Shenzhen Key Labora-
tory of New Energy Resources Genome Preparation and Testing (No.
ZDSYS201707281026184).

Adv. Funct. Mater. 2025, 2506727 © 2025 Wiley-VCH GmbH2506727 (9 of 10)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202506727 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [07/06/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
cathode-electrolyte interphase, Li+ transport kinetics, LiCoO2, structure
stability, uniform modification

Received: March 15, 2025
Revised: April 27, 2025

Published online:

[1] C. Lin, J. Li, Z. W. Yin, W. Huang, Q. Zhao, Q. Weng, Q. Liu, J. Sun,
G. Chen, F. Pan, Adv. Mater. 2023, 36, 2307404.

[2] Y. Huang, Interdiscip. Mater. 2022, 1, 323.
[3] W. Li, E. M. Erickson, A. Manthiram, Nat. Energy 2020, 5, 26.
[4] P. C. J. K. Mizushima, P. J. Wiseman, J. B. Goodenough, Solid State

Ionics 1980, 15, 783.
[5] Y. Lyu, X. Wu, K. Wang, Z. Feng, T. Cheng, Y. Liu, M. Wang, R. Chen,

L. Xu, J. Zhou, Y. Lu, B. Guo, Adv. Energy Mater. 2020, 11, 2000982.
[6] L. Wang, B. Chen, J. Ma, G. Cui, L. Chen, Chem. Soc. Rev. 2018, 47,

6505.
[7] Z. Lin, T. Liu, X. Ai, C. Liang, Nat. Commun. 2018, 9, 5262.
[8] H. Ren, G. Zheng, Y. Li, S. Chen, X. Wang, M. Zhang, W. Zhao, H.

Yi, W. Huang, J. Fang, T. Liu, L. Yang, M. Liu, Q. Zhao, F. Pan, Energy
Environ. Sci. 2024, 17, 7944.

[9] J.-N. Zhang, Q. Li, C. Ouyang, X. Yu, M. Ge, X. Huang, E. Hu, C. Ma,
S. Li, R. Xiao, W. Yang, Y. Chu, Y. Liu, H. Yu, X.-Q. Yang, X. Huang, L.
Chen, H. Li, Nat. Energy 2019, 4, 594.

[10] Y. Zhang, Y. Katayama, R. Tatara, L. Giordano, Y. Yu, D. Fraggedakis, J.
G. Sun, F.Maglia, R. Jung,M. Z. Bazant, Y. Shao-Horn, Energy Environ.
Sci. 2020, 13, 183.

[11] Y. Chu, Y. Mu, L. Zou, Y. Hu, J. Cheng, B. Wu, M. Han, S. Xi, Q. Zhang,
L. Zeng, Adv. Mater. 2023, 35, 2212308.

[12] X. Wang, H. Ren, Y. Du, Z. Li, W. Zhao, H. Ji, H. Yi, Q. Pan, J. Liu, Z.
Lou, L. Zhou, F. Pan, Q. Zhao, Nano Energy 2024, 125, 109537.

[13] Z. Wu, G. Zeng, J. Yin, C.-L. Chiang, Q. Zhang, B. Zhang, J. Chen, Y.
Yan, Y. Tang, H. Zhang, S. Zhou, Q. Wang, X. Kuai, Y.-G. Lin, L. Gu, Y.
Qiao, S.-G. Sun, ACS Energy Lett. 2023, 8, 4806.

[14] A. Fu, Z. Zhang, J. Lin, Y. Zou, C. Qin, C. Xu, P. Yan, K. Zhou, J. Hao,
X. Yang, Y. Cheng, D.-Y. Wu, Y. Yang, M.-S. Wang, J. Zheng, Energy
Storage Mater. 2022, 46, 406.

[15] J. Qian, L. Liu, J. Yang, S. Li, X. Wang, H. L. Zhuang, Y. Lu, Nat. Com-
mun. 2018, 9, 4918.

[16] J. Li, C. Lin, M. Weng, Y. Qiu, P. Chen, K. Yang, W. Huang, Y. Hong, J.
Li, M. Zhang, C. Dong, W. Zhao, Z. Xu, X. Wang, K. Xu, J. Sun, F. Pan,
Nat. Nanotechnol. 2021, 16, 599.

[17] Z. Bi, A. Zhang, G. Wang, C. Dong, P. Das, X. Shi, Z.-S. Wu, Sci. Bull.
2024, 69, 2071.

[18] X. Wu, S. Xia, Y. Huang, X. Hu, B. Yuan, S. Chen, Y. Yu, W. Liu, Adv.
Funct. Mater. 2019, 29, 1903961.

[19] C. Liang, F. Kong, R. C. Longo, C. Zhang, Y. Nie, Y. Zheng, K. Cho, J.
Mater. Chem. A 2017, 5, 25303.

[20] H. Ren, W. Zhao, H. Yi, Z. Chen, H. Ji, Q. Jun, W. Ding, Z. Li, M.
Shang, J. Fang, K. Li, M. Zhang, S. Li, Q. Zhao, F. Pan, Adv. Funct.
Mater. 2023, 33, 2302622.

[21] Y. Yao, Z. Xue, C. Li, J. Li, J. He, X. Zhang, Y. Xiang, Energy Storage
Mater. 2024, 71, 103666.

[22] L. Wang, J. Ma, C. Wang, X. Yu, R. Liu, F. Jiang, X. Sun, A. Du, X. Zhou,
G. Cui, Adv. Sci. 2019, 6, 1900355.

[23] W. Dong, B. Ye, M. Cai, Y. Bai, M. Xie, X. Sun, Z. Lv, F. Huang, ACS
Energy Lett. 2023, 8, 881.

[24] C. Sun, B. Zhao, R.-d. Cui, J. Mao, K.-H. Dai, H.-Z. Chen, X.-h. Zhang,
J.-c. Zheng, ACS Appl. Mater. Interfaces 2023, 15, 21982.

[25] Y. Wang, Q. Zhang, Z. C. Xue, L. Yang, J. Wang, F. Meng, Q. Li, H. Pan,
J. N. Zhang, Z. Jiang, W. Yang, X. Yu, L. Gu, H. Li, Adv. Energy Mater.
2020, 10, 2001413.

[26] N. Qin, Q. Gan, Z. Zhuang, Y. Wang, Y. Li, Z. Li, I. Hussain, C. Zeng,
G. Liu, Y. Bai, K. Zhang, Z. Lu,Adv. EnergyMater. 2022, 12, 202201549.

[27] J. Li, Z. Zhang, C. Qin, Y. Jiang, X. Han, Y. Xia, M. Sui, P. Yan, Small
2023, 19, 2303474.

[28] W. Ding, H. Ren, Z. Li, M. Shang, Y. Song, W. Zhao, L. Chang, T. Pang,
S. Xu, H. Yi, L. Zhou, H. Lin, Q. Zhao, F. Pan, Adv. Energy Mater. 2024,
14, 2303926.

[29] X. Tan, Y. Zhang, S. Xu, P. Yang, T. Liu, D. Mao, J. Qiu, Z. Chen, Z. Lu,
F. Pan, W. Chu, Adv. Energy Mater. 2023, 13, 2300147.

[30] X. Cheng, X. Liu, L. Zhao, D. Zhang, J. Biao, Z. Chen, Y. Yuan, M. Liu,
Y. B. He, F. Kang, Adv. Funct. Mater. 2022, 33, 202211171.

[31] Z. Li, W. Zhao, H. Ren, H. Yi, Y. Du, H. Yu, J. Fang, Y. Song, H. Chen,
L. Zhou, S. Li, Q. Zhao, F. Pan, Adv. Energy Mater. 2024, 14, 2402223.

[32] L. Feng, Z. Chen, M. Zhang, S. Zhang, J. Zheng, D. Xiao, C. Liu, Z.
Lin, Adv. Funct. Mater. 2024, 34, 202316543.

[33] J. Zheng, J. Lu, K. Amine, F. Pan, Nano Energy 2017, 33, 497.
[34] A. Yano, M. Shikano, A. Ueda, H. Sakaebe, Z. Ogumi, J. Electrochem.

Soc. 2016, 164, A6116.
[35] H. Ren, J. Hu, H. Ji, Y. Huang, W. Zhao, W. Huang, X. Wang, H. Yi,

Y. Song, J. Liu, T. Liu, M. Liu, Q. Zhao, F. Pan, Adv. Mater. 2024, 36,
202408875.

[36] Y. Lu, C.-Z. Zhao, J.-Q. Huang, Q. Zhang, Joule 2022, 6, 1172.
[37] Z. Zhuang, J. Wang, K. Jia, G. Ji, J. Ma, Z. Han, Z. Piao, R. Gao,

H. Ji, X. Zhong, G. Zhou, H. M. Cheng, Adv. Mater. 2023, 35,
2212059.

[38] Z. Zhu, H. Wang, Y. Li, R. Gao, X. Xiao, Q. Yu, C. Wang, I. Waluyo, J.
Ding, A. Hunt, J. Li, Adv. Mater. 2020, 32, 2005182.

[39] H. Ren, X. Wang, W. Ding, C. Xu, W. Zhao, H. Ji, H. Yi, Z. Zhan, Y.
Song, L. Zhou, Q. Zhao, F. Pan, Adv. Funct. Mater. 2025, 2504165.

[40] R. Sim, L. Su, A. Dolocan, A. Manthiram, Adv. Mater. 2023, 36,
2311573.

[41] J. Xia, N. Zhang, Y. Yang, X. Chen, X. Wang, F. Pan, J. Yao, Adv. Funct.
Mater. 2022, 33, 2212869.

[42] W. Zhang, F. Cheng, M. Chang, Y. Xu, Y. Li, S. Sun, L. Wang, L. Xu, Q.
Li, C. Fang, M. Wang, Y. Lu, J. Han, Y. Huang,Nano Energy 2024, 119,
109031.

[43] J. Chen, H. Chen, S. Zhang, A. Dai, T. Li, Y. Mei, L. Ni, X. Gao, W.
Deng, L. Yu, G. Zou, H. Hou, M. Dahbi, W. Xu, J. Wen, J. Alami, T.
Liu, K. Amine, X. Ji, Adv. Mater. 2022, 34, 2204845.

[44] M. Hirooka, T. Sekiya, Y. Omomo, M. Yamada, H. Katayama, T.
Okumura, Y. Yamada, K. Ariyoshi, J. Power Sources 2020, 463, 228127.

Adv. Funct. Mater. 2025, 2506727 © 2025 Wiley-VCH GmbH2506727 (10 of 10)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202506727 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [07/06/2025]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de

