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ic redox and stabilizing lattice
oxygen in an Fe-based DRX cathode by the synergy
of initial Li deficiency and 3D hierarchical porous
architecture†

Wenjie Ma,a Yakun Tang,*a Yue Zhang,a Xiaohui Li,a Lang Liu, *a Xueting Wanga

and Yuliang Cao ab

Anionic and cationic redox chemistries boost the ultrahigh specific capacity of Fe-based disordered rock

salt (DRX) Li2FeTiO4. However, the sluggish kinetics and high O redox activity result in continuous

capacity decay and poor rate performance. Herein, 3D hierarchical porous Li2FeTiO4 (H-Ca-LFT) with

initial Li-deficiency is successfully prepared using an acid-assisted CaCO3 template method. By

introducing Li deficiency, the local electronic structure of Li2FeTiO4 is modulated to facilitate Li+

diffusion and regulate the redox activity. Specifically, Li deficiency reduces the density of states in the O

2p band, Li+ diffusion barrier, and band gap, thereby suppressing the high activity of oxygen and

improving transport dynamics and electron conductivity. Moreover, the 3D hierarchical porous structure

provides abundant channels and active sites for ion diffusion and electrochemical reaction. The

synergistic effect of Li deficiency and the 3D hierarchical porous structure is revealed by various in/ex

situ characterizations and DFT calculations, which promotes cationic redox and stabilizes anionic redox.

Consequently, H-Ca-LFT demonstrates a high initial capacity (209.3 mA h g−1 at 50 mA g−1), remarkable

rate capability (130.4 mA h g−1 at 1 A g−1), and outstanding long-term cycling stability. This work offers

a new insight into stabilizing anionic redox through the design of initial Li deficiency and 3D hierarchical

porous architecture for high-performance DRX cathodes.
Introduction

With the rapid development of electric vehicles and mobile
electronic devices, the energy density and capacity of lithium-
ion batteries (LIBs) need to be further improved.1,2 In recent
years, the disordered rock-salt (DRX) cathodes in coordination
with cation–anion redox reactions have shown high capacities
(>250 mA h g−1) and energy densities (>900 W h kg−1),
demonstrating their signicant application prospects.3,4 The
unique structure of DRX breaks the elemental constraints and
can accommodate various transition metals (TM) and anions
within the lattice, which greatly enriches the space for material
composition adjustment and brings substantial benets for
low-cost material design.5–7 Moreover, DRX materials show
signicant advantages over traditional layered materials
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because of their relatively small interlayer repulsion force
during the extraction of large quantities of Li+, thus minimizing
the interlayer structural changes and maintaining structural
stability.8,9

Delightedly, the design and synthesis of DRX materials have
made notable progress. Cathodes with iron (Fe) as the cation
redox active center and titanium (Ti) as an effective high-valence
charge compensator have been identied as the most prom-
ising options based on cost-effectiveness and resource
sustainability considerations.10,11 Nevertheless, the diffusion of
Li+ in these materials is slow because of the random cation
distribution that restricts the diffusion paths.12 Besides, the
high redox potential of Fe3+/4+ leads to substantial band overlap
between Fe 3d and O 2p orbitals, causing overcompensation of
oxygen redox capacities and irreversible oxygen loss.13 Ulti-
mately, the slow kinetics and elevated redox activity result in
unsatisfactory capacity, signicant voltage hysteresis, and poor
rate capability and cycling ability.14,15 Therefore, improving
kinetics, minimizing reliance on oxygen, and promoting
cationic redox contributions are crucial for developing high-
performance DRX materials.

At present, the main strategies to solve the above problems
are anion substitution (F,16 Cl17) and surface coating (Al2O3,18
Chem. Sci., 2025, 16, 15075–15085 | 15075
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LiNbO3,19 LiF20). Specically, anion substitution can induce Li+

aggregation, reduce the valence state of the redox TM and
stabilize TM–O bonds and the anionic framework, thereby
improving the percolation efficiency and enhancing the redox
capacity of the cation.21,22 On the other hand, surface coating
has shown its ability to stabilize the surface structures and
avoid side reactions through the shielding effect, thereby
increasing the comprehensive electrochemical performance
and alleviating capacity degradation.23 However, the presence of
the local Li-rich structure hampers the complete utilization of
Li, and an increased doping concentration can lead to phase
separation, which negatively impacts electrochemical activity
and structural stability.24 Besides, controlling the thickness and
uniformity of the coating layer presents challenges. If the
coating layer does not bond tightly with the substrate, it may
detach during cycling, resulting in a loss of function.25 There-
fore, to suppress irreversible oxygen redox and promote the
diffusion of Li+, it is crucial to develop more modication
methods to adjust the intrinsic structural characteristics of
materials. Li-decient engineering offers a promising approach
by reducing the Li–O–Li congurations, thereby achieving
reversible anionic redox and fostering a stable electrode/
electrolyte interface.26 Besides, the introduction of Li de-
ciency can reduce the diffusion barrier for Li+, improving the
utilization of Li and optimizing the role of cationic redox.27

Therefore, Li-decient engineering is an effective strategy to
modulate cation–anion redox performance and improve
kinetics.

On the basis of this intrinsic modication strategy, the acid-
assisted CaCO3 template method is used to fabricate Fe-based
DRX (H-Ca-LFT), characterized by an initial Li-decient and
3D hierarchical porous structure, which serves as an effective
cathode for LIBs. This cathode presents superb electrochemical
performance, featuring a large storage capacity, outstanding
rate performance, and excellent cycling stability. Structure
analysis proved that the Li deciency can not only promote
efficient ion diffusion and enhance electronic conductivity but
also suppress the high activity of oxygen. In addition, the 3D
hierarchical porous structure also provides additional active
sites for Li+ storage and improves the contact area between
electrolytes and electrode materials. The obtained H-Ca-LFT
cathode delivers a high initial specic capacity of
209.3 mA h g−1 with an energy density of 470.5 W h kg−1 and it
retains a capacity of 178.7 mA h g−1 (85.4% retention) and
energy density of 466.5 W h kg−1 (99.1% retention) at 50 mA g−1

aer 100 cycles. Even at a high current density of 1.0 A g−1, the
capacity retention of H-Ca-LFT remains at 72.7%
(91.7 mA h g−1), highlighting the impressive long-term cycle
stability. This structural design offers a fresh way forward in
high-performance DRX materials for energy storage.

Results and discussion

The preparation process for H-Ca-LFT is illustrated in Fig. 1a.
The Li2FeTiO4 (LFT1) precursor was synthesized via the sol–gel
method, employing a 1 : 1 molar ratio of citric acid to Fe3+, as
described in our previous publication.28 Briey, the dispersion
15076 | Chem. Sci., 2025, 16, 15075–15085
containing LFT1 precursor and nano-CaCO3 is quickly frozen
into a solid in a freeze dryer, annealed, and acid-washed with
a HCl solution to obtain H-Ca-LFT. In order to illustrate the
effect of the nano-CaCO3 template and the HCl solution pick-
ling, control samples Ca-LFT and H-LFT were prepared,
respectively. Further details are described in the experimental
section (ESI†). According to the XRD patterns in Fig. 1b, all
samples match the typical rock-salt structure of Li2FeTiO4,
indexed to the Fm�3m space group (PDF#97-018-3562). Notably,
compared with Ca-LFT, the intensity of the diffraction peaks for
H-LFT and H-Ca-LFT is reduced, showing that structural de-
ciency has been produced aer acid etching, but the host
structure is not destroyed.12

The ratios of metal elements for Ca-LFT, H-LFT, and H-Ca-
LFT were determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES), as shown in Table
S1.† The Li content in H-LFT and H-Ca-LFT is lower than that in
Ca-LFT, suggesting that H+/Li+ exchange occurred during the
HCl solution pickling process, resulting in partial replacement
of Li+ by H+ on the surface and the formation of Li deciency.29

In addition, the changes in surface composition were detected
by X-ray photoelectron spectroscopy (XPS). The spectral data
reveal the presence of Li, Fe, Ti, O, and C elements in all
samples, with the characteristic peaks at 55.2, 710.9, 457.3,
531.1 and 284.8 eV (Fig. S1†). The intensity of the Li 1s spectra
for H-LFT and H-Ca-LFT is weaker than that of Ca-LFT, which is
attributed to the partial Li+ loss from the surface due to the H+/
Li+ exchange, resulting in an abundance of Li deciency
(Fig. 1c).30 In Fig. 1d, the O 1s spectra for all samples show three
peaks located at 529.8 (lattice O2−), 531.7 and 533.6 eV (adsor-
bed oxygen species).31 Notably, the peak of lattice O2− for H-LFT
and H-Ca-LFT shis 0.4 eV towards a more positive binding
energy, likely due to insufficient coordination capacity of oxygen
as a result of substantial lithium loss.32

As shown in Fig. 1e, the Fe 2p spectra for H-LFT and H-Ca-
LFT shi toward higher binding energy compared with Ca-
LFT, in which the two peaks at about 711.2 and 713.6 eV are
attributed to Fe2+ 2p3/2 and Fe3+ 2p3/2, respectively.8 The ratios
of Fe2+/Fe3+ for Ca-LFT, H-LFT, and H-Ca-LFT are 2.11, 1.52, and
1.43, respectively, demonstrating that the presence of Li de-
ciency increases the average valence of Fe. In addition, the C 1s
spectrum for H-Ca-LFT is decomposed into four types of carbon
peaks, which correspond to C–C (284.8 eV), C–O (286.5 eV),
C]O (288.3 eV), and O–C]O (290.1 eV) bonds, respectively
(Fig. 1f).33 The peak intensity of O–C]O for H-Ca-LFT is lower
than that for Ca-LFT, suggesting that the HCl solution treat-
ment signicantly decreased the content of carbonate. The Ti
2p spectra for all samples display two main peaks located at
458.6 and 464.4 eV, which are assigned to Ti4+ 2p3/2 and Ti4+ 2p1/
2, respectively (Fig. 1g).34 The above analysis results show that
a proton exchange reaction occurs in the process of HCl solu-
tion treatment, resulting in the introduction of Li deciency. In
order to maintain the overall charge balance of materials, Fe is
oxidized, resulting in an increased overall valence state.

As shown in Fig. 1h, the nitrogen isothermal adsorption
curves of the samples present an obvious hysteretic loop, which
is a typical feature of mesoporous materials. The specic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic diagram of the formation process of H-Ca-LFT, (b) XRD, (c) Li 1s, (d) O 1s, (e) Fe 2p, (f) C 1s, (g) Ti 2p, (h) N2 adsorption–
desorption isotherms, (i) pore size distribution and (j) TG curves of Ca-LFT, H-LFT, and H-Ca-LFT.
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surface areas of Ca-LFT, H-LFT and H-Ca-LFT are 11.3, 81.2 and
49.2 m2 g−1, respectively. Aer acid etching, a large number of
microporous structures are formed, which contribute to a high
specic surface area. Meanwhile, the CO2 produced by the
decomposition of CaCO3 leads to a sudden increase in the
internal pressure of H-Ca-LFT, resulting in an enlargement of
pore size and the formation of more abundant mesopores and
macropores (Fig. 1i). Therefore, the specic surface area of H-
Ca-LFT is lower than that of H-LFT. Among them, micropores
contribute signicantly to a larger specic surface area, which
can provide abundant active sites for electrochemical reactions;
mesopores provide rapid diffusion channels for ions, and
macropores help to accommodate more active substances. The
synergy of the multistage pore structure facilitates electrolyte
penetration and ion diffusion, thereby improving the electro-
chemical performance of the electrode material.
© 2025 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 1j, H-LFT and H-Ca-LFT exhibit obvious
weight loss in the range of 100–300 °C, which corresponds to
the loss of H+ from the crystal lattice, indicating that the proton
exchange process occurs during treatment with the HCl solu-
tion.35 Furthermore, the mass of Ca-LFT increases signicantly
above 400 °C, while the changes in mass for H-LFT and H-Ca-
LFT are minimal. This distinct behavior stems from the differ-
ences in the pore structure of the materials. In an oxygen
atmosphere, Li2FeTiO4 is oxidized to generate LiFeTiO4 and
Li2O, resulting in a weight gain of 4.4%. H-LFT and H-Ca-LFT
etched by the HCl solution form a well-developed pore struc-
ture, which signicantly accelerates the diffusion of oxygen and
the oxidation of carbon, enabling them to basically complete
the oxidation process at around 400 °C. However, the under-
developed pore structure of Ca-LFT is not conducive to the
transportation of oxygen, resulting in a slow oxidation of
Chem. Sci., 2025, 16, 15075–15085 | 15077
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carbon. As a result, the mass of Ca-LFT increases signicantly
above 400 °C and reaches a weightlessness equilibrium at about
600 °C. Based on the TG curves, the carbon contents of Ca-LFT,
H-LFT and H-Ca-LFT are 16.6%, 16.7% and 16.0%, respectively.

The detailed morphology of the three samples was revealed
using a scanning electron microscope (SEM). As shown in
Fig. 2a–c, all samples consisted of tiny nanoparticles. Aer acid
etching, the surface of H-LFT shows abundant pore structures,
while H-Ca-LFT displays a honeycomb-like structure with
interconnected pores, where themesopores andmacropores are
distributed throughout the specimen. TEM images also show
similar structural features (Fig. 2d–f). Compared with Ca-LFT
and H-LFT, H-Ca-LFT has a relatively transparent texture, and
porous structures are spread throughout the whole block,
forming a 3D porous network. The favorable 3D hierarchical
porous structure of H-Ca-LFT mainly originates from acid
etching and decomposition of nano-CaCO3, which signicantly
Fig. 2 SEM, TEM, and HRTEM images and SAED patterns (inset) of (a, d a
mapping images of H-Ca-LFT.

15078 | Chem. Sci., 2025, 16, 15075–15085
increases the porosity of the material. The high-resolution
images correspond to the (200) plane of Li2FeTiO4 (Fig. 2g–i).
In addition, the discontinuous lattice fringes further conrm
that H-LFT (Fig. 2h) and H-Ca-LFT (Fig. 2i) have crystal defects,
providing additional diffusion paths for ions.36,37 Accordingly,
the selected area electron diffraction (SAED) pattern shows
three diffraction rings corresponding to the (111), (200), and
(220) planes in Ca-LFT, suggesting good crystallinity (inset in
Fig. 2g). However, H-LFT and H-Ca-LFT show two weak and
widened diffraction rings, indicating the existence of lattice
deciency (insets in Fig. 2h and i). Furthermore, the energy
dispersive spectroscopy (EDS) elemental mappings demon-
strate the homogeneous distribution of Fe, Ti, O, and C within
all samples (Fig. S2† and 2j).

The electrochemical performances of the as-synthesized
cathode materials were evaluated using coin-type cells with
a voltage range of 1.5 to 4.8 V. As shown in Fig. 3a, the initial
nd g) Ca-LFT, (b, e and h) H-LFT, and (c, f and i) H-Ca-LFT, and (j) EDS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Initial charge–discharge specific capacities, (b) corresponding ICE, (c–e) the galvanostatic charge–discharge profiles, (f–h) corre-
sponding dQ/dV curves, (i) cycling performances at 100 mA g−1 of Ca-LFT, H-LFT, and H-Ca-LFT, (j) cycling performance at 50 mA g−1, and (k)
discharge specific energy and average discharge voltage of H-Ca-LFT.
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charge/discharge capacities of H-Ca-LFT are 134.6/
167.5 mA h g−1, which are signicantly higher than those of Ca-
LFT (99.3/73.6 mA h g−1) and H-LFT (93.1/137.6 mA h g−1). The
excellent performance of H-Ca-LFT can be attributed to its 3D
hierarchical porous structure, which optimizes ion transport,
enhances electrolyte wettability, and promotes electrochemical
reactions. Due to the existence of Li deciency in the structures
of H-LFT and H-Ca-LFT, the Li metal anode replenishes the Li-
decient cathode at the end of the rst cycle, resulting in their
initial coulombic efficiencies (ICE) exceeding 100% (Fig. 3b).38

However, due to the unsuppressed activity of lattice oxygen and
poor kinetics, the ICE of Ca-LFT is only 71.1%.39 The galvano-
static charge–discharge proles of Ca-LFT, H-LFT, and H-Ca-
LFT at 100 mA g−1 during the rst twenty cycles are shown in
Fig. 3c–e. The initial voltage proles of all samples exhibit
typical characteristics of Fe-based DRX cathodes, featuring
sloping regions (∼4.4 V) associated with Fe oxidation, followed
by a long plateau region ($4.5 V) associated with O oxidation.
However, due to the reduction of Li–O–Li conguration and the
high stability of O–H bonds, the platform length for H-LFT and
H-Ca-LFT is shorter than that for Ca-LFT.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Additionally, the voltage is decomposed into four regions
(1.5–2.1, 2.1–3.5, 3.5–4.5, and 4.5–4.8 V) by different color bars
to further analyze the charging capacity contribution. Obvi-
ously, the rst-cycle charge capacity of all samples primarily
occurs above 4.5 V, which is related to the anionic oxidation
reaction (Fig. S3a–f†). In the voltage range of 4.5–4.8 V, H-Ca-
LFT accounts for 60.0% (80.8 mA h g−1) of the total capacity,
which is signicantly lower than those of Ca-LFT (88.7%,
100.0 mA h g−1) and H-LFT (76.3%, 71.1 mA h g−1), indicating
that Li deciency combined with 3D hierarchical porous
structure may help alleviate irreversible oxygen loss. From the
second cycle, the oxidation reaction degree of Fe (Fe2+ / Fe3+)
and Ti (Ti3+/ Ti4+) in H-Ca-LFT gradually increased, indicating
that the redox activity of TM cations becomes gradually acti-
vated and remains relatively stable aer ve cycles. Delightfully,
H-Ca-LFT obtains a high capacity of 153.3 mA h g−1 aer 20
cycles, and its capacity contribution in the 4.5–4.8 V range
decreases to 6.2%, indicating that the main factor contributing
to the rise in charge capacity is related to the cationic oxidation
occurring below 4.5 V.
Chem. Sci., 2025, 16, 15075–15085 | 15079
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Similarly, the discharge voltage proles are divided into
three regions (4.8–3.0, 3.0–2.0, and 2.0–1.5 V) as shown in
Fig. S4a–f.† The discharge capacity of all samples remained
stable starting from the second cycle. Moreover, the discharge
capacity mainly comes from the reduction reaction of TM ions
below 3.0 V (Fe3+/ Fe2+ and Ti4+ / Ti3+). In the 20th discharge
cycle, H-Ca-LFT shows a higher capacity (153.5 mA h g−1) than
those of Ca-LFT (90.5 mA h g−1) and H-LFT (136.3 mA h g−1).
This represents contributions of 12.5% (19 mA h g−1), 51.5%
(78.1 mA h g−1), and 36.0% (54.6 mA h g−1) of the total capacity
over the ranges of 4.8–3.0, 3.0–2.0, and 2.0–1.5 V, respectively.
Therefore, the Li deciency and 3D hierarchical porous struc-
ture provide efficient diffusion pathways for the electrolyte and
ions, promoting efficient electrochemical reactions and
increasing the capacity.

To elucidate the electrochemical lithium storage process of
Ca-LFT, H-LFT, and H-Ca-LFT, the dQ/dV curves for the rst
twenty cycles are shown in Fig. 3f–h. Take H-Ca-LFT as
a sample, for which a broad oxidation peak appears in the
voltage range of 4.0–4.6 V, corresponding to the redox reactions
of Fe3+/Fe4+ and O2−/On–.40 Due to the overlap between the
energy bands of Fe3+/4+ and O2−, the oxidation peak presents
a broad peak.41 In the subsequent cycle, the reversibility and
intensity of the oxidation peaks of Ti3+/4+ (1.8 V) and Fe2+/3+ (2.4
V) are superior to those of Fe3+/Fe4+ and O2−/On–, indicating that
the redox of transition metal cations is dominant at low voltage.
It is worth noting that the voltage difference (DV) between the
anodic and cathodic peaks can reect the reversibility and
polarization degree of electrode materials during the charge/
discharge process. The Li-decient engineering modulates the
local electronic structure, achieving rapid Li+ diffusion and
charge transfer and reducing electrochemical polarization. As
a result, the DV for H-Ca-LFT is 0.06 V aer 20 cycles, which is
narrower than that of Ca-LFT (0.18 V) and H-LFT (0.12 V),
indicating that Li deciency in conjunction with 3D hierarchical
porous structure promote rapid diffusion and charge transfer of
Li+, thereby reducing electrochemical polarization. In addition,
the cyclic voltammetry curves also conrm the highly reversible
redox reaction of H-Ca-LFT (Fig. S5c†), showing the strongest
redox peaks compared to Ca-LFT (Fig. S5a†) and H-LFT
(Fig. S5b†).

As shown in Fig. 3i, the cycling performances for all samples
are evaluated at 100 mA g−1 in the voltage range of 1.5–4.8 V. H-
Ca-LFT delivers a higher specic capacity of 140.4 mA h g−1

than those of Ca-LFT (87.0 mA h g−1) and H-LFT
(121.9 mA h g−1) aer 200 cycles. The excellent performance
of H-Ca-LFT is mainly attributed to the enhanced dynamics of
ion and electron transport and improved Li utilization due to Li
deciency. Furthermore, its 3D hierarchical porous structure
provides abundant diffusion channels. Remarkably, H-Ca-LFT
exhibits a high initial discharge capacity of 209.3 mA h g−1

with a capacity retention of 85.4% (178.7 mA h g−1) at 50 mA g−1

aer 100 cycles, accompanied by a coulombic efficiency (CE) of
99.8% (Fig. 3j), competing with other reported DRX cathodes
(Tables S3 and S4†). Furthermore, the discharge energy density
for H-Ca-LFT decreases from 470.5 to 466.5 W h kg−1 with
a high energy retention of 99.1%, while the average discharge
15080 | Chem. Sci., 2025, 16, 15075–15085
voltage increases by 0.11 V from 2.25 to 2.36 V aer 20 cycles
(Fig. 3k). The Li deciency and 3D hierarchical porous structure
can promote the diffusion kinetics of Li+ at high current
density, improving the electrochemical activity. H-Ca-LFT
shows superior rate performance compared to Ca-LFT and H-
LFT, as evidenced by its maximum restored capacity at
various current densities. Especially, H-Ca-LFT delivers an
average discharge capacity of 130.4 mA h g−1 at 1 A g−1, much
higher than those of Ca-LFT (55.2 mA h g−1) and H-LFT
(96.2 mA h g−1). Meanwhile, the specic capacity of H-Ca-LFT
can be restored to 164.0 mA h g−1 even when the rate recovers
to 0.1 A g−1, demonstrating its favorable electrochemical reac-
tion kinetics (Fig. 4a).

Furthermore, to reveal the evolution of the Li+ transport
kinetics in Ca-LFT, H-LFT, and H-Ca-LFT, in situ electro-
chemical impedance spectra (in situ EIS) were employed during
the rst cycle. The EIS spectra of all samples are shown in
Fig. S6a–f.† The high-to-medium frequency region corresponds
to the diffusion of Li+ in the interfacial layer (Rf) and the charge
transfer resistance (Rct), while the sloping line is related to the
Warburg resistance (Rw). Obviously, Rct of H-Ca-LFT in the range
of open circuit voltage (OCV) to 4.6 V is smaller than those of Ca-
LFT and H-LFT, indicating a faster charge transfer process
(Fig. 4b). Since proton exchange mainly occurs in the surface
region of the materials, an increased concentration of H+ in the
surface lattice hinders the migration of Li+ at high voltage.42 Rct

of H-Ca-LFT increases dramatically when charging to 4.8 V.
However, H-Ca-LFT exhibits a smaller Rf (46.8 U) than those of
Ca-LFT (151.9 U) and H-LFT (59.7 U), indicating its enhanced
interface Li+ transport and charge transfer process (Fig. 4c). The
high Rf of Ca-LFT is attributed to the highly active oxygen that
triggers a severe interfacial side reaction, forming a non-
conductive solid electrolyte interphase that blocks the Li-
migration channels.43,44 Because the diffusion process within
the electrodes gradually becomes limited with the insertion of
Li+, Rct for all electrodes gradually increases during the dis-
charging process. Notably, Rct of H-Ca-LFT is lower and more
stable than that of Ca-LFT and H-LFT, revealing that the Li-
decient and high porosity of H-Ca-LFT improve the Li+ trans-
port kinetics.

The Li+ diffusion coefficient (DLi+) for all samples in the rst
cycle is evaluated by the galvanostatic intermittent titration
technique (GITT). As shown in Fig. 4d, the average DLi+ of H-Ca-
LFT is 1.37 × 10−12 cm2 s−1, which is higher than those of the
Ca-LFT (1.30 × 10−14 cm2 s−1) and H-LFT (5.87 × 10−14 cm2

s−1). It is noteworthy that H-Ca-LFT exhibits higher values than
Ca-LFT and H-LFT at about 4.3 V and 4.6 V, indicating fast
kinetics of the Fe3+/Fe4+ and O2−/On– redox reactions. Similarly,
H-Ca-LFT also exhibits rapid Li+ diffusion during discharge,
with an average DLi+ of 2.88 × 10−12 cm2 s−1, which is much
higher than those of Ca-LFT (6.17 × 10−14 cm2 s−1) and H-LFT
(1.05 × 10−12 cm2 s−1) (Fig. 4e). The abundance of pore struc-
ture and active sites endows H-Ca-LFT with a faster ion diffu-
sion rate, which is consistent with the analysis result of in situ
EIS. H-Ca-LFT delivers a high capacity of 125.4 mA h g−1 with
a capacity retention of 74.5% at 500 mA g−1 aer 600 cycles. As
shown in Fig. S8,† the morphology of the H-Ca-LFT electrode
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Rate performances, (b) charge transfer resistance Rct during the first cycle, (c) interfacial layer resistance Rf, (d and e) Li+ diffusion
coefficients of Ca-LFT, H-LFT, and H-Ca-LFT, (f) cycling performances at 500 mA g−1 and 1.0 A g−1 of H-Ca-LFT, (g–i) contour plots of the CV
pattern with different scan rates of Ca-LFT, H-LFT, and H-Ca-LFT.
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did not change signicantly before and aer cycling, which is
attributed to the porous structure that can effectively alleviate
the volume expansion problem during cycling, thereby
demonstrating excellent structural stability. Despite a relatively
high current density of 1.0 A g−1, the capacity retention of H-Ca-
LFT can be maintained at 72.7% (91.7 mA h g−1), highlighting
the impressive long-term cycle stability (Fig. 4f).

Cyclic voltammetry (CV) was conducted to investigate the
kinetics of Li+ transport at scanning rates ranging from 0.1 to
5.0 mV s−1 between 1.5 and 4.6 V (Fig. S9a–c†). Fig. 4g–i exhibit
the contour plots of the CV patterns for Ca-LFT, H-LFT, and H-
Ca-LFT, respectively. The two anodic peaks at 1.85 and 2.60 V
correspond to the oxidation of Ti3+ to Ti4+ and Fe2+ to Fe3+.
Meanwhile, the two cathodic peaks at 1.50 and 2.32 V result
from the reduction of Ti4+ and Fe3+. Obviously, H-Ca-LFT shows
a higher current response compared to Ca-LFT and H-LFT,
especially in the redox regions of Ti3+/Ti4+ and Fe2+/Fe3+.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Based on the tted b-values of the log(i) versus log(n) plots, it can
be concluded that the Li storage in the battery is diffusion
controlled or surface controlled. As shown in Fig. S9e and f,† the
b values of peak 1/peak 2 for H-LFT and H-Ca-LFT are 0.89/0.81
and 0.92/0.79, respectively, indicating that the Li storage
process is mainly controlled by the pseudocapacitive behavior,
which facilitates excellent rate charge diffusion.45 Meanwhile,
the b values of peak 1/peak 2 in Ca-LFT are 0.63 and 0.68,
suggesting that the electrochemical process is mainly
controlled by the diffusion contribution (Fig. S9d†). The pseu-
docapacitive proportions of Ca-LFT, H-LFT, and H-Ca-LFT are
calculated to be 66.9%, 78.7%, and 84.0% at 2.0 mV s−1,
respectively (Fig. S9g–i†). Besides, these pseudocapacitive
contributions progressively increase with rising scan rates,
reaching a considerable pseudocapacitance proportion of
92.5% for H-Ca-LFT at 5.0 mV s−1 (Fig. S9l†). Such a high
pseudocapacitive contribution is attributed to the Li deciency
Chem. Sci., 2025, 16, 15075–15085 | 15081
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and the rich porous structure of H-Ca-LFT, which displays
ultrahigh reactivity and fast Li+ diffusion kinetics.

The existence of Li deciency greatly promotes cationic
redox and alleviates the high activity of anion oxidation, as
revealed by the X-ray photoemission spectroscopy (XPS) anal-
ysis. When charged to 4.8 V, all electrodes display a similar
trend, with characteristic peaks of Fe4+ appearing at about
716.7 eV (Fig. S10a, b† and 5a).46 As shown in Table S5,† the
ratio of Fe4+ in Ca-LFT, H-LFT, andH-Ca-LFT is 13.34%, 18.10%,
and 21.37%, respectively, suggesting a higher degree of Fe (Fe2+

/ Fe3+/ Fe4+) participation in the oxidation reaction in H-LFT
and H-Ca-LFT. Besides, the peaks located at 530.5 eV in the O 1s
spectra can be assigned to the peroxo-like On– (Fig. S10c, d† and
5b). The ratio of On– in Ca-LFT (47.19%) is much higher than
that of H-LFT (16.15%) and H-Ca-LFT (15.20%), showing a more
severe anion oxidation reaction in Ca-LFT (Table S6†).47

However, Ti 2p spectra have no obvious change compared with
the original state, indicating that Ti4+ is still maintained
(Fig. S10e, f† and 5c). Therefore, the capacity predominantly
arises from Fe and O during the rst charging process. Up
discharging to 1.5 V, the Fe 2p spectra of all electrodes shi to
lower binding energy, implying a reversible redox reaction
(Fig. S10a, b† and 5a). Differently, H-LFT and H-Ca-LFT
Fig. 5 XPS spectra of (a) Fe 2p, (b) O 1s, and (c) Ti 2p for the H-Ca-LFT ele
V-LFT, (e and f) calculated spin-polarized DOS, (g) Li+ diffusion energy ba
situ XRD for H-Ca-LFT.

15082 | Chem. Sci., 2025, 16, 15075–15085
demonstrate superior reversibility to Ca-LFT, meaning that
the Li-decient structure alleviates irreversible oxygen loss
(Fig. S10c, d† and 5b). Besides, the two additional peaks at 457.9
and 463.7 eV are assigned to Ti3+ 2p3/2 and Ti3+ 2p1/2, respec-
tively, demonstrating the reduction of Ti4+ to Ti3+ (Fig. S10e, f†
and 5c).48 Additionally, Ar+ sputtering XPS depth proling is
employed to systematically investigate the reaction mecha-
nisms at different depths, revealing consistency between
surface redox reactions and bulk redox processes (Fig. S11†).
The above results show that the Li deciency greatly promotes
the redox of cations while inhibiting the high activity of anions.

The Li-decient engineering strategy effectively achieves
cation–anion redox regulation and improves the transport
kinetics, which is further veried by the rst-principles calcu-
lations based on the density functional theory method (DFT).
The detailed structure is shown in Fig. S12† and 5d, whereas the
calculated density of states (DOS) for Li2FeTiO4 (LFT) and Li2-
FeTiO4 with Li deciency (V-LFT) is compared in Fig. 5e and f. At
the pristine state, the valence bands of LFT and V-LFT are
mainly inuenced by the O 2p and Fe 3d orbitals, suggesting the
high activity of O and Fe during the de-lithiation process.49 The
conduction band is mainly affected by the Ti 3d orbital,
meaning that the Ti4+ in the two structures does not participate
ctrode at the fully charged and discharged states, (d) crystal structure of
rrier for LFT and V-LFT, and (h) voltage profiles and contour plots of in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the oxidation process. Besides, compared with LFT, the band
gap between the valence bands and conduction bands in V-LFT
is narrower, showing that Li deciency signicantly improves
electronic conductivity and promotes rapid charge transfer.27 A
careful analysis reveals that the density of O 2p orbitals in LFT
near the Fermi level is higher than that in V-LFT, indicating that
the Li-decient structure suppresses the high redox activity of
lattice oxygen, thereby enhancing the reversible anion redox.50

In a semi-de-lithium structure, the density of O 2p orbitals in
LFT and V-LFT near the Fermi level increases, promoting the
redox activity of oxygen. The O 2p orbital in LFT quickly moves
above the Fermi level, indicating that more lattice oxygen
participates in the redox reaction, while this process is allevi-
ated in V-LFT. The calculation results show that the redox of
oxygen contributes signicantly to the charge compensation
process in LFT and V-LFT. However, the introduction of the Li
deciency conguration effectively suppresses the high activity
of oxygen through the strong Fe–O interaction.26 Besides, the
nudged elastic band (NEB) method is employed to investigate
the diffusion of Li+ along the migration pathways (octahedron–
tetrahedron–octahedron) in LFT and V-LFT. As illustrated in
Fig. 5g, the calculated energy barrier for Li+ diffusion in V-LFT
decreases by 120 meV compared to LFT, indicating that the
Li-decient structure accelerates the diffusion of Li+, thus
enhancing the electrochemical kinetic performance.39

Furthermore, in situ XRD is employed to analyze the inu-
ence of the acid etching on the crystal structure evolution. The
voltage proles and corresponding intuitive contour plots of Ca-
LFT and H-Ca-LFT during the rst two cycles from open-circuit
voltage to 4.8 V are displayed in Fig. S13† and 5h. The two
characteristic peaks of Ca-LFT and H-Ca-LFT electrodes shi to
a higher diffraction angle upon the rst charging, indicating the
lattice parameter decreases with the extraction of Li. During the
rst discharging, the (200) and (220) peak positions of Ca-LFT
shi to the original state. The difference is that the two char-
acteristic peaks of H-Ca-LFT shi to lower diffraction angles
than the original state, which is associated with the insertion of
more Li into the structure.26 Both materials exhibit symmetrical
characteristic peak movements in the subsequent second cycle,
conrming the reversible structural evolution. Notably, no new
peaks emerged during cycling for either material, demon-
strating the overall solid solution behavior of Ca-LFT and H-Ca-
LFT without any phase transition.51 Therefore, although the
acid etching introduces Li deciency, it does not affect the
reversibility of the structural evolution of H-Ca-LFT during the
cycle.

Conclusions

In summary, H-Ca-LFT is proposed as a high-performance
cathode for LIBs, showing superior rate capability and cycle
stability. This performance is achieved through a design that
incorporates an initial Li-decient and a 3D hierarchical porous
architecture. Through the combination of electrochemical tests,
in situ/ex situ characterization analysis, and DFT calculations,
the remarkable electrochemical performance of H-Ca-LFT
originates from Li deciency, which facilitates highly efficient
© 2025 The Author(s). Published by the Royal Society of Chemistry
ion diffusion, enhances electronic conductivity, and suppresses
the high activity of oxygen, thus improving ionic transport
kinetics and cycle stability. In addition, the 3D hierarchical
porous structure not only provides channels for ion diffusion
but also increases active sites for electrochemical reactions.
Consequently, beneting from the synergistic effect between
the Li deciency and 3D hierarchical porous structure, the H-
Ca-LFT electrode exhibits a high initial specic capacity of
209.3 mA h g−1 at 50 mA g−1 and outstanding cycling stability
with a capacity retention of 72.7% (91.7 mA h g−1) at 1 A g−1

aer 1000 cycles. Moreover, it shows excellent rate performance,
maintaining 130.4 mA h g−1 even at a high current density of
1 A g−1. These ndings open up a new direction for the design of
cathode materials that possess high rate capability and superior
structural stability, which can potentially overcome the chal-
lenges of sluggish kinetics and elevated oxygen redox activity for
advanced DRX materials.
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