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ng of air-stable Li5FeO4 towards an
ultra-high capacity cathode prelithiation additive†

Bin Zhu, a Naifeng Wen,a Jingyang Wang,*b Qiyu Wang,a Jingqiang Zhenga

and Zhian Zhang *a

Antifluorite-type Li5FeO4 (LFO) belongs to a class of promising prelithiation materials for next-generation

high-energy lithium-ion batteries. Unfortunately, the incomplete de-lithiation performance and inferior

air stability hinder its application. In this work, ultra-high capacity is achieved by selective doping of Zr

into the Fe sites (LFO-Zr) of LFO to form a large number of defects. The underlying defect formation

mechanism is comprehensively investigated using density functional theory, revealing that such selective

site doping not only enlarges the unit cell volume but also induces Li vacancies into the structure, both

of which facilitate lithium-ion migration at a high-rate and promote the redox of oxygen anions. As

a result, under 0.05 and 1C rates, the capacity of LFO-Zr reaches 805.7 and 624.5 mA h g−1, which are

69.0 and 262.0 mA h g−1 higher than those of LFO, translating to an increase of 9.4% and 73.3%,

respectively. In addition, LFO-Zr exhibits excellent electrochemical performance in a humidity of 20%,

with a high capacity of 577.6 mA h g−1 maintained. With the LFO-Zr additive, the full cell delivered

193.6 mA h g−1 for the initial cycle at 0.1C. The defect engineering strategy presented in this work

delivers insights to promote ultra-high capacity and high-rate performance of air-stable LFO.
1. Introduction

Lithium-ion batteries (LIBs) have been widely used in our lives
to power portable electronic devices and electric vehicles by
virtue of their long life and high specic energy.1,2 However,
upon the rst cycle, up to 15% active lithium-ions will be
inevitably consumed due to the in situ electrochemical reduc-
tion of lithium salt anions (e.g., PF6

−) or organic solvents to
produce a lithium-containing solid electrolyte interphase (SEI)
layer, leading to a lower specic energy in the initial cycle.3 For
instance, the initial coulombic efficiency (ICE) of the silicon
oxide anode is very low, which reduces the energy density.
Therefore, an efficient solution to improve the ICE becomes
particularly important for high-energy-density LIBs. Pre-
lithiation is a promising technology to generate extra active
lithium ions to offset initial lithium losses and increase the
energy density.4–6 There have been several prelithiation
methods developed, such as electrochemical prelithiation,7,8

chemical prelithiation,9 and incorporation of prelithiation
additives into the cathode and anode.10 Both electrochemical
prelithiation and chemical prelithiation are constrained by the
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high reactivity of lithium metal and safety issues during pro-
cessing, which leads to harsh production environments and
restricts their large-scale application.8 In contrast, by adding
high-specic-capacity and irreversible lithium-containing
compounds with suitable oxidation potential to the cathode
material, cathode prelithiation can be achieved.

Until now, various cathode prelithiation additives have been
proposed. Binary lithium-rich compounds (Li–N, Li–O, and Li–
C, etc.)11–13 can donate a large amount of irreversible active Li+

ions. However, it is accompanied by the production of unde-
sired N2, CO or CO2 gases, which will lead to increased polari-
zation, dissolution of metal ions, and contact loss between the
electrodes and current collectors. In contrast, ternary lithium-
rich compounds (Li2CuO2, Li5FeO4 (LFO), Li2NiO2, and
Li6CoO4, etc.)4,14–19 seem to be better candidates with inhibited
gas release. Among them, Li5FeO4 holds great promise by virtue
of its inexpensive raw materials, high theoretical specic
capacity (867 mA h g−1), simple synthesis method, and process
compatibility with existing cathode materials. Hence, as
a cathode additive, Li5FeO4 serves as a Li

+ donor to improve ICE
and boost the overall energy density.20,21 Nevertheless, it still
suffers from incomplete de-lithiation, poor electronic conduc-
tivity, and severe surface degradation in air.19,22 To illustrate,
insufficient delithiation leads to the actual capacity of LFO
being about 693.6 mA h g−1 (4 Li+ per chemical formula unit),
which could be more severe under high rates, leading to pro-
longed prelithiation process time and higher production costs.
In addition, LFO is prone to forming surface alkaline species
Chem. Sci., 2024, 15, 12879–12888 | 12879
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(e.g., Li2O, LiOH, or Li2CO3) when exposed to air, resulting in
high interfacial resistance, poor kinetics, and a signicant
increase in cathode slurry alkalinity and slurry gelation. In our
previous work,19,22 we presented that the air stability of LFO can
be effectively improved by a carbon encapsulation strategy.
Nevertheless, it is still worth further research to improve the de-
lithiation kinetics of LFO to achieve ultra-high capacity and
high-rate performance.

Herein, we propose a defect engineering strategy to achieve
ultra-high capacity and high-rate performance for air-stable
LFO. A comprehensive study on the underlying mechanisms
of defect formation and the effects on the structural and elec-
trochemical performance of the material is performed. The
introduction of Zr4+ at the tetrahedral Fe sites promotes the
formation of Li+ vacancies and a decrease in the Li+ migration
barrier, which favors rapid lithium-ion migration and improves
the lithium compensation capability. In addition, we found that
the introduction of Zr ions facilitates the shi of O 2p state
energy to higher energies and promotes anion redox. Overall,
LFO-Zr achieves an ultra-high initial irreversible capacity of
805.7 mA h g−1 at 0.05C. Under 1C rate, the capacity of LFO-Zr
also reaches 624.5 mA h g−1, which is 262.0 mA h g−1 higher
than that of pure LFO. In addition, LFO-Zr exhibits excellent
stability in a humidity of 20%, with a capacity of 577.6 mA h g−1

maintained, as compared to 333.4 mA h g−1 of the pristine
sample. This is attributed to the carbon layer of the material,
which can effectively hinder airborne erosion. The LFO-Zr
electrode exhibits excellent prelithiation performance in
graphite‖NCM811 full cells with a high specic capacity of
193.6 mA h g−1 at 0.1C, which is 18.8 mA h g−1 higher than that
of the pristine graphite‖NCM811 full cell. This simple strategy
enables improved de-lithiation performance and air stability of
LFO, contributing to the acceleration of large-scale applications
of LFO as an effective cathode prelithiation additive.

2. Results and discussion
2.1 Theoretical calculation

The defect formation mechanism of Zr doping in LFO was rst
explored using Density Function Theory (DFT) calculations,
considering Zr sitting either in the Fe or the Li site. To maintain
the charge neutrality of the compound, the introduction of
high-valence Zr4+ can be compensated by the reduction of Fe3+

to Fe2+, which involves the generation of O2 gas, or by the
creation of Li+ vacancies without the participation of oxygen.
Therefore, the defect formation energy is either in positive
correlation, or independent of the oxygen chemical potential
(mO2

), respectively. By including the entropy contribution of
gaseous O2 in mO2

, the defect formation energies at different
temperatures can be therefore estimated, as higher temperature
indicates a more negative mO2

and vice versa.23,24 As displayed in
Fig. 1a, within the temperature range of typical solid-state
synthesis, Zr is more likely to occupy Fe sites accompanied by
the formation of Li vacancies, which exhibit the lowest defect
formation energy among all types of defects generated upon Zr
doping. Furthermore, positron annihilation lifetime spectra
(PALS) were employed to analyze the species of vacancy
12880 | Chem. Sci., 2024, 15, 12879–12888
defects.25 The positron lifetime spectra of LFO and LFO-Zr
exhibit similar shapes in Fig. 1b. Table S1† shows the three
lifetime components of LFO and LFO-Zr. The longest lifetime s3
(=1.5 ns) is ascribed to positron annihilation from large-size
vacancies in the pre-lithiation. Larger vacancies have a lower
average electron density leading to a lower annihilation rate
facilitating the prolongation of the positron lifetime, whereas
the existence of small defects reduces the surrounding electron
density, which leads to an increase in the lifetime of s1.26 Based
on theoretical calculations of positron lifetime, the shorter
lifetime component s1 in LFO-Zr is attributed to Li vacancies.

To gain insight into the effect of Zr-doping on the de-
lithiation performance of LFO-Zr at high rates, the lithium
migration pathway was compared for the pristine LFO (Fig. 1c)
and LFO-Zr (Fig. 1d and e). As shown in Fig. 1c, for the pristine
LFO, the migration of Li ions from the initial tetrahedral to the
neighboring tetrahedral site going through a distorted tetrahe-
dral transition state exhibits a migration barrier of 0.53 eV. For
the LFO-Zr, two distinct tetrahedra-to-tetrahedra diffusion paths
were considered, i.e., one with the initial Li site edge-sharing
with FeO4 tetrahedra (Fig. 1d), and the other edge-sharing with
ZrO4 (Fig. 1e), featuring low migration barriers of 0.518 and
0.48 eV, respectively. In addition, the percolation of Li+ depends
heavily on the lithium-ion concentration27 and the formation of
lithium vacancies upon Zr doping may further facilitate lithium-
ion diffusion. The redox behaviors were also investigated via the
density of states calculation. As shown in Fig. 1f and g, the O 2p
state of LFO-Zr can be shied to higher energy by 0.07 eV
compared with that of LFO, indicating that the introduction of
zirconium ions is benecial to reduce the redox potential of the
oxygen anion. This is because the redox voltage depends on the
state energy of the O 2p electrons involved in the redox reaction,
and the higher the state energy, the lower the redox potential.
These results together show that defect engineering can indeed
enhance the de-lithiation kinetics of LFO-Zr.
2.2 Material characterization

LFO-Zr samples were prepared through a feasible solid-state
reaction with different Zr contents. As shown in Fig. 2a, for all
samples there is no impurity detected, even with the addition of
Zr content by 5%, indicating pure LFO-Zr phases were synthe-
sized. As shown in Fig. S1,† the sample with 3% Zr shows the
most excellent de-lithiation performance, and it is denoted as
LFO-Zr0.03. The XRD peaks located at 20.5°–22.5° and 23.0°–
24.0° shi to the le (Fig. 2b and c) with the a and c lattice
parameters exhibiting evident expansion (Table S3†), demon-
strating that Zr is successfully doped into the phase, which is
consistent with the calculated results in Table S2.† The Rietveld
XRD pattern of LFO-Zr0.03 is shown in Fig. 2d. The Rwp of LFO-
Zr0.03 is 1.38% indicating that thematerial has good crystallinity
and credibility. The intensity of LFO-Zr0.03 weakens compared
to LFO as shown in Fig. S2a.† SEM and TEM were applied to
characterize the morphology change of surface LFO-Zr0.03 and
the pristine material. In sharp contrast to the smooth surface of
LFO (Fig. 2e–h), there is an uneven coating layer on the surface
of LFO-Zr0.03.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 DFT calculations. (a) Defect formation energy as a function of oxygen chemical potential (temperature) for various types of defects
introduced by Zr doping. Zr4+ may substitute either Fe3+ or Li+, and the charge can be compensated by the reduction of Fe3+ to Fe2+ (black and
red lines), or the creation of Li vacancies (black and pink dashed lines). (b) Positron annihilation spectra. Migration pathway and corresponding
energy barrier obtained from ci-NEB for pristine Li5FeO4 (c), and Zr-doped Li5FeO4 (d and e). Li, Fe, Zr and O ions are denoted by blue, yellow,
green and pink spheres. Li vacancy is denoted by pink dashed circles. The red arrows demonstrate themigration path for Li ions. (f) The density of
states of O 2p states and Fe 2p states in LFO and LFO-Zr. (g) Schematic diagrams of the electronic structure in LFO and LFO-Zr samples
according to the above density of states.
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According to HRTEM analysis and the energy dispersive X-
ray (EDS) mapping (Fig. 2i–k and S3†), the carbon layer is
uniformly coated on the surface of LFO-Zr0.03 with a thickness
of 6 nm and the even-distribution of Fe, C, O and Zr elements
can be observed. Fig. S4† presents the HRTEM and the homo-
geneous distribution of each element of the pristine LFO.
Moreover, the sulfur carbon analysis test showed that the
modied sample contained 0.99% carbon content, as shown in
Table S4.† Fig. S5† shows the line sweep along the direction of
the arrow indicating that a large amount of Zr is present in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
surface phase of the material. To further conrm whether
zirconium ions enter the bulk phase of the material, a Focused
Ion Beam (FIB) coupled with a scanning electron microscope
(SEM) was used to observe the elemental distribution within the
material. As displayed in Fig. 2l and S6,† the signals of Zr
elements are still present within the bulk phase of the material
indicating that Zr is successfully doped into LFO. In addition, X-
ray photoelectron spectroscopy (XPS) was applied to analyze the
surface composition information. The high spectra XPS
(Fig. S7†) display that the C–O and C]O are located at 286.0 eV
Chem. Sci., 2024, 15, 12879–12888 | 12881
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Fig. 2 Characterization of the as-prepared LFO-Zr material. (a) XRD patterns of LFO and the modified sample. (b and c) Detailed XRD patterns of
20.5°–22.5° and 23°–24°, showing the peak shift. (d) The Rietveld XRD pattern of LFO-Zr0.03. SEM images of LFO (e and f) and LFO-Zr0.03 (g and
h). TEM image (i), HRTEM image (j), HADDF and EDS mapping (k) of LFO-Zr0.03. (l) FIB-SEM and Zr, Fe content as a function of the radial distance
of LFO-Zr0.03. Zr 3d (m) of etched LFO-Zr0.03 at 0, 40, and 80 s. (n) The Raman spectra of LFO, C@LFO and LFO-Zr0.03.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
5/

20
26

 2
:4

2:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and 288.5 eV respectively, suggesting that the carbon layer exists
on the surface of the sample. In order to prove that Zr doped
into LFO, the material was etched at 0, 40, and 80 s. As shown in
12882 | Chem. Sci., 2024, 15, 12879–12888
(Fig. 2m), the content of Zr still exists in the sample and the
content of Zr gradually decreases in Fig. S8,† indicating that Zr
is doped in the phase and decreases with depth. Combined with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the conclusion from XRD, FIB-SEM and XPS analysis in Fig. 2,
the Zr element was successfully incorporated into the bulk
phase of the material. As shown in Fig. 2n, the Raman spectra of
C@LFO and LFO-Zr0.03 show the D and G bands are located at
1360 cm−1 and 1585 cm−1, respectively.28 The ID/IG values of
C@LFO and LFO-Zr0.03 are 0.96, which conrms that the
graphitization of the C@LFO and LFO-Zr0.03 carbon cladding
layers is consistent.

To gain insight into the effect of Zr doping on the electro-
chemical performance, LFO and LFO-Zr0.03 electrodes were
fabricated and measured by assembling coin cells with lithium
metal foils. The initial charge capacities of LFO and LFO-Zr0.03
electrodes were characterized at different rates from 0.05C to 1C
(1C = 867 mA h g−1). In Fig. 3a, there are two de-lithiation
plateaus of LFO at 0.05C, which are consistent with the two-
phase reaction mechanism, i.e., Li5FeO4 / Li3FeO3.5 and
Li3FeO3.5 / LiFeO2. With increased current rate, both plateaus
Fig. 3 Electrochemical performance of LFO and LFO-Zr0.03 electrodes in
and (c) initial charge capacity at different rates of LFO and LFO-Zr0.03. (d) I
and LFO-Zr0.03. (f) CVs of LFO and LFO-Zr0.03 electrodes at various scan ra
and LFO-Zr0.03 after being exposed in 20% humidity air. (i) Radargrams.

© 2024 The Author(s). Published by the Royal Society of Chemistry
become less obvious indicating increased cell polarization at
high rate, which can be attributed to the poor electronic
conductivity of the material. Meanwhile, the capacity of LFO
rapidly decays from 736.7 mA h g−1 at 0.05C to 362.5 mA h g−1 at
1C. Fig. S9† shows a lower de-lithiation platform and the charge
capacity of C@LFO reaches 746.8 mA h g−1 at 0.1C, and it is still
528.1 mA h g−1 when the charge rate is up to 1C. However,
compared with the electrochemical performance of LFO and
C@LFO, in Fig. 3b, LFO-Zr0.03 exhibits excellent rate perfor-
mance with the charge capacity reaching 805.7 mA h g−1,
790 mA h g−1, 739.4 mA h g−1, 690.9 mA h g−1 and
624.5 mA h g−1 at 0.05C, 0.1C, 0.2C, 0.5C and 1C, respectively.
The de-lithiation plateaus of LFO-Zr0.03 can be distinguished at
high current rates, providing more irreversible Li ions at 0.05
and 1C rates as compared to C@LFO. In Fig. 3c, LFO-Zr0.03
displays a lower attenuation rate than LFO along with the
increase of current rates from 0.05 to 1C. The charge and
the voltage region of 2.5–4.5 V at 25 °C. (a and b) Initial charge curves
nitial charge/discharge curves and (e) cycle performance at 0.1C of LFO
tes. The XRD patterns (g) and initial charge–discharge curves (h) of LFO

Chem. Sci., 2024, 15, 12879–12888 | 12883
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discharge curves and cycle performance of LFO and LFO-Zr0.03
at 0.1C are illustrated in Fig. 3d and e. It is noteworthy that LFO-
Zr0.03 exhibits lower charge voltage and higher discharge
voltage, indicating less polarization. The initial charge and
coulombic efficiency of LFO-Zr0.03 are 790 mA h g−1 and 8.23%
at 0.1C, which are consistent with the characteristics of pre-
lithiation additives. Fig. 3f shows cyclic voltammetry curves at
different current densities. The polarization voltage of LFO
increases with the increase of current density. When the sweep
rate increases by 0.5 mV s−1, the second oxidation peak disap-
pears and the rst oxidation peak shis to the right. The
polarization voltage of the modied sample is less affected by
the sweep rate, and the position of the oxidation peak does not
change signicantly under the condition of 0.5 mV s−1.
Furthermore, the modied sample exhibits a smaller polariza-
tion voltage. It proves that the Zr doped in LFO reduces the
redox voltage and promotes LFO further delithiation, which is
consistent with the calculations in Fig. 1. In addition, LFO and
LFO-Zr0.03 were exposed in 20% humidity air to explore the
effects of air on materials. As displayed in Fig. 3g, a small
amount of lithium carbonate heterogeneous phase has formed
on LFO which is hardly detected on LFO-Zr0.03. SEM was applied
to observe the morphological changes of LFO and LFO-Zr0.03
aer exposure to air, as shown in Fig. S10.† The surface of LFO
becomes very rough, while the surface of LFO-Zr0.03 hardly
changes. Fig. S11.† shows the FT-IR spectra of LFO and LFO-
Zr0.03 and their post-exposure products. Aer 8 h exposure in
20% humidity air, a peak in the range of 800–900 cm−1 for
Li2CO3 and a peak in the range of 3600–3700 cm−1 for LiOH are
observed on the surface of LFO, indicating that some Li2CO3
Fig. 4 Kinetic properties of LFO and LFO-Zr0.03 electrodes. (a) Galvanost
potential plots during charge processes. The in situ EIS of LFO (c), C@LF

12884 | Chem. Sci., 2024, 15, 12879–12888
and LiOH form on the surface of LFO, while there are little
Li2CO3 and LiOH on the surface of LFO-Zr0.03. Combined with
the conclusion from XRD, SEM and FT-IR, LFO-Zr0.03 exhibits
good air stability. Fig. 3h displays the initial charge–discharge
curves of LFO and LFO-Zr0.03 aer being exposed in air. The
initial capacity of LFO-Zr0.03 still reaches 577.6 mA h g−1 higher
than 244.2 mA h g−1 of LFO and Fig. S12† exhibits low initial
coulombic efficiencies of LFO and LFO-Zr0.03. The initial CV plot
of LFO-Zr0.03 (Fig. S13†) demonstrates that the rst de-lithiation
platform remains. The results of the above analyses show that
LFO-Zr0.03 exhibits excellent de-lithiation properties and good
air stability. We also compared LFO-Zr0.03 with other cathode
prelithiation materials in terms of delithiation capacity, raw
material price, air stability, and multiplicity performance.10,29–31

The radargrams of LFO-Zr0.03 (Fig. 3i) show its excellent multi-
plicity performance, and the price advantage is far beyond that
of other cathode prelithiation materials.
2.3 Electrochemical performance

To determine the origin of the excellent rate performance, the
reaction kinetics of LFO-Zr0.03 was further studied. GITT was
applied to measure the Li+ ion diffusion coefficients (DLi+)
during the rst cycle. As shown in Fig. 4a, the second de-
lithiation platform of LFO-Zr0.03 is signicantly longer than
that of LFO. The DLi+ of LFO-Zr0.03 ranges from 10−12.5 to 10−9.5

cm2 s−1 in Fig. 4b, which is much higher than that of LFO. Such
fast Li+ ion kinetics is attributed to the fact that the introduction
of Zr ions not only creates a large number of lithium vacancies
but also reduces the lithium-ion migration energy barrier.
Moreover, lithium diffusion velocity at 3.5 V to 3.9 V is
atic intermittent titration technique (GITT) profiles and (b) the log(DLi+)-
O (d) and LFO-Zr0.03 (e) during the initial de-lithiation process.
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Fig. 5 Electrochemical performances of half-cell and full-cell electrodes of NCM, NCMwith LFO and LFO-Zr0.03. (a) The initial charge/discharge
curves. (b) Cycle performance. (c) Rate performances. (d) CV curves at 0.1 mV s−1 scan rates. (e) The initial charge/discharge curve and (f) cycle
performance of the full-cell.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
5/

20
26

 2
:4

2:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
signicantly higher than 3.9 V to 4.5 V, indicating that the
kinetics of lithium diffusion velocity at 3.9 V to 4.5 V is relatively
slow, which is consistent with the conclusion obtained in Fig. 3.
What is more, the electrochemical impedance test in Fig. S14a†
shows that the initial interface impedance of the modied
sample is smaller than that of the original sample. Aer cycling,
the impedance of the LFO-Zr0.03 electrode is still smaller than
that of LFO. In addition, the diffusion coefficient of DLi+ can also
be calculated using the following two equations:32

D = R2T2/2A2F4C2sw
2

Z0 = Re + Rct + swu
−1/2

where F, R, and T are constants, A is the electrode surface area, C
is the molar concentration of Li+ and sw is the Warburg
impedance coefficient. It shows that the LFO-Zr0.03 electrode
exhibited a smaller Warburg impedance coefficient than LFO.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Combined with the diffusion coefficient of DLi+ in Fig. S14b,†
the Warburg impedance coefficient of LFO-Zr0.03 is signicantly
lower than that of the LFO electrode, suggesting that LFO-Zr0.03
has larger apparent diffusion coefficients. As displayed in
Fig. 4c–e, in situ EIS was applied to measure the impedance
during the initial de-lithiation process of LFO, C@LFO and LFO-
Zr0.03. At rst, the LFO exhibits a large impedance, which begins
to decrease as the de-lithiation process proceeds and reaches
the minimize level when the rst de-lithiation plateau is
complete. This is attributed to the fact that during material de-
lithiation, the active particles collapse resulting in a larger
contact area with the electrolyte. The impedance gradually
increases with further de-lithiation at the second plateau. In
contrast, C@LFO and LFO-Zr0.03 exhibit lower impedance
during de-lithiation which may be attributed to the enhanced
charge conductivity of the materials due to the carbon coating
and Zr doping. It can be concluded from the kinetic analyses
and calculations of materials above that the carbon coating and
Chem. Sci., 2024, 15, 12879–12888 | 12885
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Zr element doping are conducive to the removal of Li-ions so
that the modied sample shows better rate performance.

To further test the pre-lithiation effect of LFO and LFO-Zr0.03,
NCM811, pre-lithiation reagents and the Li metal anode were
assembled into 2025-coin type half cells for testing between 2.5
V and 4.5 V. As shown in Fig. 5a, the initial charge capacity and
discharge capacity of NCM are 258.7 mA h g−1 and
231.7 mA h g−1 at 0.1C. When LFO and LFO-Zr0.03 pre-lithiation
additives are added to the cathode material, the initial
discharge capacity of the material becomes 223.9 mA h g−1 and
227.6 mA h g−1. Aer 100 cycles at 0.5C in Fig. 5b, the discharge
capacity retention of the bare NCM811 was only 185.2 mA h g−1

and the discharge capacity of NCMwith the LFO-Zr0.03 electrode
reached 182.3 mA h g−1, with the capacity retention rate up to
86.0%. In addition, the NCM with the LFO-Zr0.03 electrode
exhibits similar rate performance to the NCM with LFO in
Fig. 5c, with reversible discharge capacities of 229.0, 212.8,
198.0, 184.7, 170.3 and 140.7 mA h g−1 at various rates of 0.1C,
0.2C, 0.5C, 1C, 2C and 5C, respectively. When back to 0.1C,
a capacity of 216.4 mA h g−1 was restored indicating good
reversibility. EIS was employed to understand the effects of LFO-
Zr0.03 on the Li-ion kinetics properties of NCM811. The Nyquist
plots of NCM811 with LFO and the NCM811 with the modied
materials show a slightly larger resistance before and aer
cycling at 0.5C for 100 cycles. This observation can be ascribed
to the carbon coating layer of LFO-Zr0.03 reducing the barrier of
lithium-ion transfer at the cathode–electrolyte interface. In
addition, both NCM811 with LFO and the NCM811 with LFO-
Zr0.03 exhibit similar apparent diffusion coefficients in half cells
in Fig. S15.† This indicates that a small amount of pre-lithiation
additive in the half cell has little effect on the impedance and
lithium-ion diffusion of NCM. Cyclic voltammetry (CV) was
employed to analyze electrochemical reaction kinetics at a scan
rate of 0.1 mV s−1 in the voltage range of 2.5–4.5 V in Fig. 5d.
Fig. 6 Phase conversion and evolution of oxygen in the initial charge of L
details of the (102) and (112) peaks of LFO (a) and LFO-Zr0.03 (b), and quant
(d) during the first charge to 4.5 V.

12886 | Chem. Sci., 2024, 15, 12879–12888
Compared to pure NCM, there is a small oxidation peak at 3.7 V,
corresponding to the de-lithiation of Li5FeO4 into Li3FeO3.5. The
other oxidation peaks observed in the CV plot are correspond-
ing redox processes of Ni2+/Ni3+/Ni4+ and Co3+/Co4+ respectively.
The peak strength of CV is signicantly stronger than that of the
pure phase, which is attributed to the lithium ions provided by
the pre-lithiation material. The results suggest that LFO-Zr0.03
almost has no adverse effects on NCM811.

With more practical concerns, commercial NCM811, pre-
lithiation reagent and hard carbon are assembled into full cells
(graphite‖NCM811), as shown in Fig. 5e–f. The graph-
ite‖NCM811 and graphite‖NCM811/LFO-Zr0.03 full cells were
subjected to 0.5C to test the electrochemical performance of
pre-lithiation effect within 2.5 V to 4.5 V. The pre-lithiation
additive provides sufficient lithium ions to compensate for the
lithium ions consumed by the SEI on the anode side. With the
LFO-Zr0.03 additive, the full cell delivered 193.6 mA h g−1 for the
initial cycle at 0.1C, while the pure graphite‖NCM811 full cell
only delivered 174.8 mA h g−1. The capacity of NCM811 with
LFO-Zr0.03 in a full cell maintains 97.3 mA h g−1 aer 50 cycles,
which is also higher than that of the graphite‖NCM811 full cell.
2.4 Analysis of the mechanism of delithiation

To investigate the detailed structural evolution of LFO and LFO-
Zr0.03 during electrochemical de-lithiation, in situ XRD was
carried out during the rst charge/discharge cycle (Fig. 6). For
LFO and LFO-Zr samples in Fig. 6a and b, upon charging, the
(102), (112) and (222) peaks corresponding to the orthorhombic
phase gradually attenuate with continuous extraction of Li-ions
from LFO. During subsequent Li+ extraction, the orthorhombic
phase gradually disappears, leaving only the characteristic
signals of the disordered rock-salt phase (a-LiFeO2). In addition,
in situ quantitative DEMS was applied to measure the gas
FO and LFO-Zr0.03. The corresponding 2D contour plot and magnified
itative DEMS data for O2 and CO2 released in the LFO (c) and LFO-Zr0.03

© 2024 The Author(s). Published by the Royal Society of Chemistry
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production of LFO/Li and LFO-Zr/Li batteries during charging
to 4.5 V on the rst charge. As displayed in Fig. 6c and d, in LFO-
Zr/Li batteries, a small amount of gas release is observed during
the rst charging plateau, followed by a large amount of gas
release during the second plateau which is much more signi-
cant than that of the LFO/Li batteries, indicating a higher
capacity with promoted reaction kinetics and oxygen redox.
Furthermore, as more oxygen is generated in LFO-Zr/Li, the
content of CO2 also increases, which can be attributed to more
electrolyte decomposition with excess oxygen release.
3. Conclusion

In summary, we theoretically investigated and experimentally
achieved the production of lithium vacancies in the LFO
structure by introducing Zr ions into the Fe site by defect
engineering, which effectively reduces the migration energy
barrier of lithium ions and facilitates the redox of oxygen
anions, leading to lower interfacial impedance, lower redox
potentials and higher lithium compensation capacity. It was
proved that the delithiation capacity of LFO-Zr is up to 805.7
and 624.5 mA h g−1 under 0.05C and 1C rate, which are higher
than those of LFO, respectively. In addition, the air stability of
LFO-Zr is also well improved by a facile coating strategy. It turns
out that aer exposure to air for 8 h, the initial capacity of LFO-
Zr remains at 577.6 mA h g−1, and is 244.2 mA h g−1 higher than
that of the pristine LFO. Our work provides insights to promote
the commercial use of the Li5FeO4 material as a sacricial
cathode prelithiation additive for high-energy Li-ion batteries.
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