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Abstract
Li5FeO4 is a promising cathode prelithiation additive for compensating initial lithium loss in

high-energy  lithium-ion  batteries,  but  its  alkaline  and  air-reactive  surface  causes  rapid
degradation  under  humid  air.  Herein,  we  report  a  simple  NH4BF4-assisted  surface

fluorination treatment that converts reactive Li-containing surface species into a LiF-rich
fluorinated  region  while  preserving  the  antifluorite  Li5FeO4  bulk  structure.  This  surface

chemical  conversion  reduces  LiOH-like  surface  species  and  suppresses  the  subsequent
formation  of  hydrated  hydroxide,  carbonate,  and  LiFeO2-related  degradation  products

during  humid-air  storage.  As  a  result,  the  NH4BF4-treated  Li5FeO4  (denoted  as  LFO-BF)

maintains a high lithium-donating capacity after exposure to humid air, even under harsh
humidity conditions, while pristine Li5FeO4  suffers severe capacity decay. Structural and

gas-evolution  analyses  further  show  that  LFO-BF  retains  the  typical  bulk  delithiation
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pathway  of  active  Li5FeO4  and  substantially  suppresses  CO2  evolution  and  associated  interfacial  side  reactions.

When used in lithium nickel manganese cobalt oxide (NMC)//graphite full cells, LFO-BF provides effective lithium
compensation and improves capacity retention. This work presents alkaline-surface conversion into a LiF-rich region
as a non-carbon approach for developing humid-air-tolerant Li-rich antifluorite prelithiation additives.

INTRODUCTION
The loss of cyclable lithium during the first few cycles remains a major limitation for high-energy lithium-

ion batteries. This problem is especially pronounced in cells using Si-containing graphite anodes, where solid

electrolyte interphase formation and repair consume a large amount of active Li
+
. The resulting lithium

inventory loss lowers the initial Coulombic efficiency and reduces the practical energy density of full cells
[1-6]

.

Cathode prelithiation is a practical way to compensate for this loss
[2,4,6-11]

. In this approach, a lithium-rich

sacrificial additive is incorporated into the positive electrode and releases extra Li
+
 during the first charge,

while remaining broadly compatible with conventional electrode fabrication
[12]

.

Li
5
FeO

4
 has attracted considerable attention as a cathode prelithiation additive. Its Li-rich antifluorite

structure provides a large lithium reservoir, and multiple Li
+
 ions can be extracted during the initial charge.

The material also contains low-cost elements and shows a delithiation voltage window that overlaps with

many commercial cathode materials
[4,5,13-15]

. These features make Li
5
FeO

4
 a promising lithium donor for

compensating the irreversible lithium loss of high-capacity anodes. A major limitation of Li
5
FeO

4
 is its poor

air stability. This instability originates from the high chemical activity of the Li-rich antifluorite framework

and the alkaline Li-containing species present at or near the particle surface. Upon exposure to humid air,

Li
5
FeO

4
 readily reacts with H

2
O, CO

2
, and O

2
, producing LiOH, Li

2
CO

3
, Li

2
O, LiFeO

2
, and related

degradation products
[16,17]

. These surface and structural degradation products are electrochemically inactive

or kinetically unfavorable for Li
+
 extraction. They increase interfacial resistance and reduce the accessible

lithium-donating capacity
[16]

. In electrode processing, alkaline residues may also increase slurry alkalinity and

promote side reactions with the binder/solvent system, leading to gas evolution, binder degradation, or slurry

gelation
[16-18]

.

Considerable efforts have therefore been made to stabilize Li
5
FeO

4
. Carbon coating is the most widely used

strategy. Conductive or dense carbon layers, including g-C
3
N

4
-derived layers, N/S-codoped carbon, and

pitch-derived carbon coatings, can physically isolate Li
5
FeO

4
 from ambient air and, in some cases, improve

electronic transport
[19-21]

. Lattice or defect regulation, such as Zr doping, Na incorporation, Co substitution,

and related compositional designs, has also been used to improve Li
+
 migration, oxygen-redox activity, and

charge capacity
[18,22,23]

. Fluorinated Li
5
FeO

4
 systems have further been reported, generally involving F-

containing carbon layers or gradient fluorination, to suppress side reactions and improve delithiation

kinetics
[17]

. These approaches have advanced the performance of Li
5
FeO

4
, but they mainly rely on external

barrier construction, conductive encapsulation, or deliberate bulk lattice modification.

Despite these advances, most reported strategies focus on constructing protective barriers or regulating the

bulk lattice. The intrinsic surface chemistry of Li
5
FeO

4
 has received less attention. In LiOH-based solid-state

synthesis, an excess lithium precursor is usually used to compensate for lithium loss during calcination and

to promote the formation of the antifluorite phase
[16-18]

. As a result, alkaline Li-containing species may remain

on or near the particle surface after synthesis. These species can readily interact with moisture and CO
2
,

accelerating hydration, carbonation, and subsequent surface reconstruction. Therefore, improving the air

stability of Li
5
FeO

4
 should not rely only on physical isolation from air. A more direct strategy is to reduce the

chemical reactivity of the surface itself by converting unstable alkaline Li species into a more stable lithium-

containing phase. Such a surface conversion process could suppress the initial adsorption and reaction of
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humid air while preserving the lithium-donating bulk of Li
5
FeO

4
.

NH
4
BF

4
 provides a suitable precursor for this surface conversion. During heat treatment, NH

4
BF

4
 can

decompose to generate volatile fluorine-containing species, including HF and BF
3

[24]
. These species can react

with alkaline Li-containing surface residues on Li
5
FeO

4
 and convert some of them into more stable

fluorinated species. In this way, the highly reactive Li-rich surface can be chemically reconstructed into a less

degradation-prone fluorinated surface region. Unlike continuous carbon encapsulation or intentional bulk

fluorination, this strategy directly modifies the alkaline surface chemistry of Li
5
FeO

4
 and reduces its reactivity

toward humid air.

Herein, we report a simple dry-mixing and calcination treatment of Li
5
FeO

4
 with NH

4
BF

4
. The NH

4
BF

4
-

treated Li
5
FeO

4
 (denoted as LFO-BF) develops a LiF-rich fluorinated surface region, while the antifluorite

Li
5
FeO

4
 bulk structure is largely preserved. This surface conversion suppresses humid-air-induced hydration

and carbonation and maintains the lithium-donating function of Li
5
FeO

4
. After exposure to air at 60%

relative humidity (RH) for 24 h, LFO-BF still delivers 634.3 mAh g
-1

, corresponding to 98.4% of its fresh

charge capacity. Even after exposure to air at 90% RH for 6 h, it retains 616.7 mAh g
-1

, corresponding to

95.6% of the fresh LFO-BF capacity. Gas-evolution analysis further exhibits substantially lower CO
2

evolution, consistent with suppressed carbonate accumulation and reduced CO
2
-generating interfacial side

reactions. This work presents alkaline-surface conversion into a LiF-rich region as a non-carbon route for

developing humid-air-tolerant Li-rich antifluorite prelithiation additives.

EXPERIMENTAL
Materials

Lithium hydroxide monohydrate (LiOH·H
2
O, 99.95%, Macklin), iron(III) oxide (Fe

2
O

3
, 99.5%, Macklin), and

ammonium tetrafluoroborate (NH
4
BF

4
, 99.995%, Macklin) were used as received. Super P and

polytetraf luoroethylene (PTFE) were purchased from Kej ing. The electrolyte , 1 M l i thium

hexafluorophosphate (LiPF
6
) in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v) was

purchased from DoDo Chem and used as received. All moisture-sensitive samples were stored and handled

in an Ar-filled glovebox when necessary.

Synthesis of Li5FeO4

Li
5
FeO

4
 (LFO) was synthesized by a high-temperature solid-state reaction

[7]
. LiOH·H

2
O and Fe

2
O

3
 were

mixed at a molar ratio of 12:1 and ground thoroughly for 10 min. The obtained precursor was transferred

into a tube furnace and calcined at 430 °C for 10 h under flowing Ar. The Ar flow rate was maintained at

500 mL min
-1

 during the heat treatment. After cooling to room temperature under Ar, the obtained LFO

powder was immediately transferred into an Ar-filled glovebox and ground before use.

Synthesis of NH4BF4-treated Li5FeO4

NH
4
BF

4
-treated Li

5
FeO

4
, denoted as LFO-BF, was prepared by dry mixing and calcination. Typically, LFO

and NH
4
BF

4
 were directly mixed, with the mass of NH

4
BF

4
 corresponding to 10 wt% of the LFO mass. The

mixture was ground thoroughly for 5 min and then transferred into a tube furnace. The powder was calcined

at 430 °C for 10 h under flowing Ar, with an Ar flow rate of 500 mL min
-1

. After natural cooling under Ar,

the obtained LFO-BF powder was transferred into an Ar-filled glovebox and ground before characterization

and electrochemical testing.

Humid-air exposure tests

Humid-air exposure was carried out in a homemade controlled-temperature and humidity chamber. For

each experiment, approximately 20 mg of powder was placed in a 10 mL glass vial and loosely distributed at

the bottom without compaction. Identical sample mass, vial type, and loading procedure were used for all
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for 24 h. The exposed pristine LFO and LFO-BF samples are denoted as LFO-24h and LFO-BF-24h,

respectively. For harsh-condition testing, LFO-BF was exposed to air at 25 °C and 90% RH for 6 h. For

prolonged-exposure tests, LFO-BF was exposed at 25 °C and 60% RH for 72 h and 7 days using the same

sample-loading configuration. After exposure, the samples were immediately transferred into an Ar-filled

glovebox for electrode preparation or sealed for further characterization.

Materials characterization

The crystal structures of the samples were examined by X-ray diffraction (XRD, SmartLab 9, Rigaku

Corporation, Japan) using Cu Kα radiation. The morphology and microstructure were characterized by

scanning electron microscopy (SEM, SIGMA 500, ZEISS, Germany) and transmission electron

microscopy/high-resolution transmission electron microscopy (TEM/HRTEM, JEM-F200, JEOL Ltd.,

Japan). X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific, USA) was used to

analyze the surface chemical states of the samples. The binding energies were calibrated using the C 1s peak

at 284.8 eV. For depth-profile measurements, powder samples were pressed into pellets and subjected to Ar
+

ion sputtering at an ion energy of 2,000 eV with a medium ion-beam current. The nominal sputtering rate

was approximately 0.3 nm s
-1

. Spectra were collected before sputtering and after successive sputtering

intervals of 66 s, corresponding to estimated depths of approximately 0, 20, 40, and 60 nm. Fourier-

transform infrared spectroscopy (FTIR, Nicolet iS50, Thermo Fisher Scientific, USA) was performed in

transmission mode using KBr pellets. The sample powder and spectroscopic-grade KBr were mixed at a mass

ratio of 1:200 and thoroughly ground before pelletization. All samples were prepared using the same

sample/KBr ratio and identical grinding, pellet-preparation, and spectral-acquisition procedures to ensure

consistent comparison of the hydroxyl- and carbonate-related absorption bands.

Surface alkalinity measurement

The extractable surface alkalinity of LFO and LFO-BF was compared by measuring the pH of their aqueous

extracts. For each measurement, 20 mg of powder was added to 5.0 mL of deionized water and gently mixed

for 1 min. The pH was then measured immediately using a calibrated pH meter (PH-10, LICHEN, China). A

short and fixed extraction time was used to minimize further reaction of the samples with water during

measurement. Three independent measurements were performed for each sample using freshly prepared

powder dispersions, and the results are reported as mean ± standard deviation.

Electrode preparation and half-cell assembly

Fresh and humid-air-exposed LFO and LFO-BF samples were dried at 80 °C under vacuum prior to

preparing working electrodes. The active material, Super P, and PTFE were mixed at a mass ratio of 8:1:1 and

pressed into pellets in an Ar-filled glovebox. The mass loading of active material was approximately

2.5 mg cm
-2
.

CR2032 coin-type half cells were assembled in an Ar-filled glovebox using the prepared electrode as the

working electrode, lithium metal as the counter/reference electrode, glass fiber as the separator, and

1 M LiPF
6
 in EC/DMC (1:1, v/v) as the electrolyte. For evaluating lithium-donating capacity, the cells were

first charged from open-circuit voltage to 4.5 V versus Li/Li
+
 and then discharged to 2.0 V at 30 mA g

-1
 on a

Neware battery testing system (CT-4008, Neware Technology Ltd., China). The first-charge capacity was

used to evaluate the lithium-donating capacity, and the specific capacities were calculated based on the mass

of LFO or LFO-BF in the electrode. Graphite electrodes were also evaluated in Li half cells using Li metal as

the counter/reference electrode and 1 M LiPF
6
 in EC/DMC (1:1, v/v) as the electrolyte. The cells were cycled

between 0.005 and 2.0 V versus Li/Li
+
 at 30 mA g

-1
.
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Ex situ XRD measurements

For ex situ XRD analysis, LFO-BF electrodes were charged to selected voltages of 3.9 V and 4.2 V in Li half

cells. The cells were disassembled in an Ar-filled glovebox, and the electrodes were carefully retrieved and

rinsed with DMC to remove residual electrolyte. After drying, the electrodes were loaded into a capillary to

avoid air exposure prior to XRD measurement.

Differential electrochemical mass spectrometry

Gas evolution was monitored using a differential electrochemical mass spectrometer (DEMS, Prima BT,

Thermo Fisher Scientific, UK), with the carrier-gas flow controlled by an EL-FLOW Base mass-flow

controller (Bronkhorst High-Tech B.V., the Netherlands). The electrodes were assembled into customized

DEMS cells using lithium metal as the counter/reference electrode and 1 M LiPF
6
 in EC/DMC (1:1, v/v) as

the electrolyte. High-purity Ar was used as the carrier gas at a flow rate of 0.5 mL min
-1
. The DEMS cell, cold

trap, and relevant gas-line connections were maintained inside an Ar-filled glovebox to minimize

interference from ambient gases. After cell assembly, Ar was continuously passed through the cell until stable

background signals were obtained. Mass-spectrometric data acquisition was then initiated and synchronized

with the electrochemical measurement. The cells were charged from open-circuit voltage (OCV) to 4.5 V and

subsequently discharged to 2.0 V at 50 mA g
-1

. O
2
 and CO

2
 were monitored at m/z = 32 and 44, respectively.

After completion of discharge, the gas signals were continuously monitored for approximately 30 min to

confirm that they remained stable at the background level. The mass-spectrometric signals were calibrated

following established DEMS calibration procedures
[25]

, and the gas-evolution rates were normalized to the

mass of active material. The integrated gas amounts were obtained by integrating the calibrated evolution-

rate profiles over the complete first-charge period.

Full-cell assembly and electrochemical testing

Lithium nickel manganese cobalt oxide (NMC)//graphite full cells were assembled to evaluate the lithium-

compensation effect of LFO-BF. For the control cathode, NMC811, Super P, and PTFE were mixed at a mass

ratio of 8:1:1. For the prelithiated cathode, LFO-BF was added at 4 wt% relative to the mass of NMC active

material. Graphite electrodes were used as the anodes. The negative-to-positive (N/P) electrode capacity ratio

was controlled at approximately 1.05. The electrolyte was 1 M LiPF
6
 in EC/DMC (1:1, v/v), and glass fiber

was used as the separator. The cells were assembled in an Ar-filled glovebox and tested on a Neware battery

testing system within a voltage range of 2.0-4.5 V. The initial charge/discharge profiles and cycling tests were

collected at 30 mA g
-1

. The specific capacities of full cells were calculated based on the mass of NMC active

material, excluding the mass of LFO-BF.

RESULTS AND DISCUSSION
Surface fluorination of Li5FeO4 induced by NH4BF4 treatment

LFO-BF was prepared by dry mixing Li
5
FeO

4
 with NH

4
BF

4
 followed by calcination, as illustrated in Figure

1A. The treatment condition was optimized by varying the calcination temperature and NH
4
BF

4
 content,

with phase retention and retained first-charge capacity after humid-air exposure used as the main criteria

[Supplementary Figures 1-4]. In the temperature series using 10 wt% NH
4
BF

4
, the treated samples largely

retained the Li
5
FeO

4
 phase, and a weak LiF signal appeared after calcination. After humid-air exposure, these

samples showed much weaker impurity features than LFO-24h. The XRD patterns mainly confirmed phase

retention and LiF formation, whereas the electrochemical profiles were more sensitive to the treatment

condition. Among the samples treated at 330, 430, and 530 °C, the 430 °C-treated sample delivered the

highest retained charge capacity after exposure. The NH
4
BF

4
 content was then optimized at 430 °C. Although

the 5, 10, and 15 wt% samples showed broadly similar phase features, their retained charge capacities differed

after humid-air exposure. The 10 wt% sample gave the best balance between humid-air stability and lithium-

donating capacity. Therefore, calcination with 10 wt% NH
4
BF

4
 at 430 °C for 10 h was selected as the
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Figure 1. (A) Schematic illustration of the NH4BF4-assisted surface fluorination treatment of Li5FeO4, in which reactive alkaline Li-
containing surface species are proposed to be converted into a LiF-rich surface region after calcination at 430 °C for 10 h under Ar; (B)
TEM and HRTEM images of LFO-BF. The orange square marks the region used for local lattice-fringe analysis of the LFO phase, with a
spacing of approximately 0.27 nm assigned to the (023) plane of LFO. The outer surface-modified region has a locally observed thickness
of approximately 25 nm; (C) F 1s and B 1s XPS spectra of fresh LFO-BF. TEM: Transmission electron microscopy; HRTEM: high-resolution
transmission electron microscopy; XPS: X-ray photoelectron spectroscopy; LFO-BF: NH4BF4-treated Li5FeO4.

optimized condition, and the corresponding sample is denoted LFO-BF.

The surface structure of LFO-BF was examined by TEM and HRTEM. The low-magnification TEM image

shows that the treated particles retain their overall morphology [Figure 1B]. A surface-modified region can

be distinguished near the particle edge, with a locally observed thickness of approximately 25 nm. HRTEM

analysis further reveals clear lattice fringes with an interplanar spacing of approximately 0.27 nm, which can

be assigned to the (023) plane of Li
5
FeO

4
. Local nanocrystalline domains are also observed within the

modified surface region. These observations suggest that the NH
4
BF

4
 treatment mainly modifies the outer

particle surface while leaving the crystalline LFO core largely intact.

XPS was used to identify the surface chemical species of fresh LFO-BF. The F 1s spectrum shows a dominant

peak centered at approximately 685.2 eV, which can be assigned to LiF-like fluorinated lithium species

[Figure 1C]. In the B 1s region, only a weak near-background signal is observed, and no distinct B-

containing surface species can be resolved. This result suggests that boron-containing residues are not a
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major component of the outer surface after calcination. It should be noted that the 10 wt% NH
4
BF

4

represents the nominal precursor addition rather than the amount of fluorinated species retained after

calcination. NH
4
BF

4
 has been reported to decompose under inert conditions into volatile BF

3
, NH

3
, and HF

species.
[24]

 Consistently, an equimolar NH
4
BF

4
/LiOH model reaction at 430 °C yields LiF as the major

crystalline fluorinated product, while the corresponding solid product shows only a weak B 1s signal close to

the background [Supplementary Figure 5]. Based on these observations, LiF formation can be described by a

simplified pathway involving thermal decomposition of NH
4
BF

4
 followed by reaction of the generated HF

with alkaline Li species:

This simplified pathway explains the formation of LiF at the LFO surface and the limited retention of the

initially added NH
4
BF

4
-derived components after calcination.

XPS depth profiling was further performed to examine the spatial distribution of the fluorinated species

[Supplementary Figure 6]. The F 1s signal progressively decreases with increasing etching depth from 0 to

60 nm, while the Fe-related signal becomes increasingly prominent toward the particle interior. This depth

dependence indicates that fluorine is preferentially enriched in the near-surface region rather than uniformly

distributed throughout the LFO bulk, further supporting the surface-dominated nature of the NH
4
BF

4

treatment. Combined with the TEM/HRTEM observations, these surface and depth-resolved XPS results

support a surface-dominated conversion process that forms a LiF-rich fluorinated region while largely

preserving the LFO bulk structure.

Suppressed humid-air degradation behavior of LFO-BF

The humid-air stability of LFO and LFO-BF was evaluated under 60% RH for 24 h unless otherwise noted.

Four samples were compared: fresh LFO, exposed LFO (LFO-24h), fresh LFO-BF, and exposed LFO-BF

(LFO-BF-24h). XRD was first used to examine the phase structures before and after exposure [Figure 2A].

Fresh LFO shows the characteristic reflections of antifluorite Li
5
FeO

4
. After NH

4
BF

4
 treatment, LFO-BF

retains the main Li
5
FeO

4
 reflections, indicating that the antifluorite phase is largely preserved. A weak

diffraction peak appears at around 38.8°, which can be indexed to the LiF (111) reflection. This weak LiF

signal further supports the presence of crystalline LiF species, in agreement with the HRTEM and F 1s XPS

results in Figure 1. Meanwhile, no obvious shift of the main Li
5
FeO

4
 reflections is observed, suggesting that

no pronounced bulk lattice modification occurs under the optimized treatment condition. After humid-air

exposure, pristine LFO undergoes pronounced phase degradation. The characteristic reflections of

antifluorite Li
5
FeO

4
 are greatly weakened, accompanied by the emergence of impurity peaks assignable to

LiOH·H
2
O, LiOH, Li

2
CO

3
 and LiFeO

2
-related phases

[16,17]
. In sharp contrast, LFO-BF-24h still retains clear

Li
5
FeO

4
 reflections with no obvious impurity peaks detected. This comparison indicates that the NH

4
BF

4
-

treated surface effectively mitigates the phase degradation of Li
5
FeO

4
 during humid-air storage.

FTIR provides complementary information on hydroxyl and carbonate species [Figure 2B]. Before exposure,

fresh LFO exhibits a sharp O-H stretching band at around 3,676 cm
-1

, which is associated with LiOH-like

surface species. This observation agrees with the excess-LiOH synthesis of Li
5
FeO

4
, which can leave alkaline

Li-containing species at or near the particle surface. Carbonate-related absorptions at around 1,468 and

866 cm
-1

 are also observed
[16,17]

. After NH
4
BF

4
 treatment, the O-H band is strongly weakened or nearly

removed in LFO-BF, and the carbonate-related bands are less pronounced. This change indicates that the

treatment reduces or converts part of the hydroxyl-containing alkaline surface species. After exposure, the

                                                                                                

NH
4
BF

4
 → NH

3
 + BF

3
 + HF                                                               (1)

HF + LiOH → LiF + H
2
O                                                                (2)

https://file.oaecenter.com/published/pdf/98c982d9f955bf395dd35423beb1e303/1793237836/em60190-SupplementaryMaterials.pdf
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Figure 2. (A) XRD patterns of LFO, LFO-BF, LFO-24h, and LFO-BF-24h. The characteristic reflections of degradation products and LiF are
marked; (B) FTIR spectra of the four samples, highlighting the changes in LiOH- and Li2CO3-related bands; (C and D) SEM images of LFO
before and after humid-air exposure; (E and F) SEM images of LFO-BF before and after humid-air exposure; (G) C 1s and O 1s XPS spectra
of LFO, LFO-24h, LFO-BF, and LFO-BF-24h. XRD: X-ray diffraction; FTIR: Fourier-transform infrared spectroscopy; SEM: scanning electron
microscopy; XPS: X-ray photoelectron spectroscopy; LFO-BF: NH4BF4-treated Li5FeO4.

FTIR spectrum of LFO changes markedly. The O-H-related band intensifies, and the carbonate-related

bands increase significantly, indicating pronounced hydration and carbonation. In contrast, LFO-BF-24h

shows much weaker spectral evolution. The O-H and carbonate features remain limited, suggesting that the

treated surface suppresses the reaction of LFO with moisture and CO
2
.

The SEM images further reveal the different surface evolution of LFO and LFO-BF during humid-air

exposure. Fresh LFO shows aggregated particles with relatively blurred surfaces and poorly defined edges

[Figure 2C]. This morphology is consistent with the presence of LiOH- and Li
2
CO

3
-related surface species

indicated by FTIR. After exposure, LFO-24h becomes more severely degraded. The particle surface is

covered by loose, flocculent deposits, and the particle boundaries become even less distinct [Figure 2D],

indicating pronounced surface reaction with humid air. In contrast, LFO-BF displays a cleaner surface and

more clearly defined particle edges after NH
4
BF

4
 treatment [Figure 2E]. This suggests that the treatment

removes or converts part of the reactive surface species. After exposure, LFO-BF-24h still maintains the

general particle morphology. Although slight surface roughening is observed, extensive flocculent deposits

and severe boundary blurring are largely absent [Figure 2F]. These SEM observations agree with the XRD

and FTIR results, confirming that the fluorinated surface region suppresses surface degradation during

humid-air storage.



Wang et al. Energy Mater. 2026, 6, 600146 Page 9 of 14

These XRD, FTIR, and SEM results consistently show that LFO-BF undergoes much weaker phase

degradation, hydration/carbonation, and surface morphological deterioration during humid-air storage. XPS

was then used to further probe the surface chemical evolution of LFO and LFO-BF, especially the

accumulation of carbonate- and hydroxyl-related species after exposure. The C 1s spectra are shown in

Figure 2G. For fresh LFO, the O-C=O component accounts for 22.9% of the fitted C 1s area. After exposure,

this value increases sharply to 45.8% for LFO-24h [Figure 2G]. The large increase indicates substantial

accumulation of carbonate species on the degraded LFO surface, consistent with the carbonate bands in

FTIR and the Li
2
CO

3
-related peaks in XRD

[16,17]
. The change is much smaller for LFO-BF. Fresh LFO-BF

shows an O-C=O contribution of 15.2%, and this value increases only slightly to 17.2% after exposure. The

limited increase confirms that carbonate formation is strongly suppressed on the fluorinated surface. This is

important for preserving the lithium-donating function, because degradation products can block delithiation

and increase interfacial resistance
[16]

. The O 1s spectra provide further information on oxygen-containing

surface species [Figure 2G]
[16,17]

. For pristine LFO, humid-air exposure increases the carbonate- and

hydroxyl-related oxygen components, consistent with the formation of Li
2
CO

3
 and LiOH-like degradation

products. For LFO-BF, these changes are much less pronounced. The hydroxyl/carbonate-related

components remain limited after exposure, further supporting the suppressed hydration and carbonation of

the treated surface. To further evaluate the change in surface alkalinity induced by NH
4
BF

4
 treatment, the pH

values of aqueous extracts prepared under identical conditions were measured. The pH decreases from 11.2 ±
0.3 for LFO to 9.7 ± 0.2 for LFO-BF, indicating a substantial reduction in extractable surface alkalinity after

treatment. In addition, the F 1s and B 1s spectra of LFO-BF before and after exposure show little change

[Supplementary Figure 7], indicating that the fluorinated surface region remains detectable during storage

while no distinct B-containing species emerge after exposure. These spectroscopic and surface-alkalinity

results consistently indicate that NH
4
BF

4
 treatment reduces reactive alkaline surface species and suppresses

the subsequent accumulation of carbonate and hydroxide-related degradation products. This suppressed

surface chemical evolution provides a clear basis for the improved phase stability of LFO-BF during humid-

air exposure.

To determine whether the improved humid-air stability simply originates from the presence of LiF, pristine

LFO was physically mixed with LiF and exposed under the same conditions. After exposure at 60% RH for

24 h, the LFO + LiF sample shows substantial capacity decay together with enhanced hydroxyl- and

carbonate-related FTIR signals [Supplementary Figure 8]. These results indicate that physical LiF addition

alone does not reproduce the stabilization achieved by the NH
4
BF

4
 treatment, supporting the importance of

the surface-conversion process.

Preserved lithium-donating capacity and charge-induced structural evolution

The lithium-donating behavior of LFO and LFO-BF was evaluated in Li half cells. Fresh LFO delivers an

initial charge capacity of 651.6 mAh g
-1

 [Figure 3A]. Fresh LFO-BF delivers a comparable initial charge

capacity of 644.8 mAh g
-1

. The comparable first-charge capacities of LFO and LFO-BF indicate that NH
4
BF

4

treatment largely preserves the accessible lithium reservoir of Li
5
FeO

4
. The charge profile of LFO-BF also

retains the typical delithiation features of Li-rich antifluorite LFO, suggesting that the main lithium-donating

reaction remains active after surface fluorination. The initial charge-discharge profiles collected at higher

current densities of 60, 120, and 240 mA g
-1

 are provided in Supplementary Figure 9. After humid-air

exposure, pristine LFO shows severe capacity decay [Figure 3B]. Its charge capacity decreases to

325.7 mAh g
-1

, and the charge plateau becomes much shorter. This corresponds to a capacity retention of

approximately 50.0% relative to fresh LFO. The degraded electrochemical behavior is consistent with the

phase and surface degradation shown in Figure 2. LFO-BF behaves very differently. LFO-BF-24h still delivers

a charge capacity of 634.3 mAh g
-1
 [Figure 3B], corresponding to 98.4% retention relative to fresh LFO-BF.

Compared with LFO-24h, the retained charge capacity of LFO-BF-24h is nearly doubled. Under a harsher

                                                                                           

https://file.oaecenter.com/published/pdf/98c982d9f955bf395dd35423beb1e303/1793237836/em60190-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/98c982d9f955bf395dd35423beb1e303/1793237836/em60190-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/98c982d9f955bf395dd35423beb1e303/1793237836/em60190-SupplementaryMaterials.pdf
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Figure 3. (A) Initial charge/discharge profiles of fresh LFO and LFO-BF; (B) Initial charge/discharge profiles of LFO and LFO-BF after
exposure to 60% RH air for 24h; (C) Initial charge/discharge profile of LFO-BF after exposure to 90% RH air for 6 h; (D) Ex situ XRD
patterns of LFO-BF electrodes charged to 3.9 and 4.2 V. Selected diffraction features assigned to Li2O, LiF, and the disordered rocksalt
phase (DRP) are marked. RH: Relative humidity; XRD: X-ray diffraction; LFO-BF: NH4BF4-treated Li5FeO4.

condition of 90% RH for 6 h, LFO-BF still delivers 616.7 mAh g
-1

 on charge [Figure 3C], corresponding to

95.6% retention relative to fresh LFO-BF. These results demonstrate that suppressing humid-air degradation

effectively preserves the lithium-donating capacity of LFO-BF. Upon further extending the exposure time at

60% RH, LFO-BF retains charge capacities of 553.3 and 481.1 mAh g
-1

 after 72 h and 7 days, respectively,

although increased polarization and progressively less distinct delithiation plateaus are observed

[Supplementary Figure 10].

Ex situ XRD was used to examine the charge-induced structural evolution of LFO-BF [Figure 3D]. After

charging to 3.9 V, the Li
5
FeO

4
 reflections largely disappear, and rocksalt-like disordered diffraction features

become dominant. This evolution is consistent with the reported delithiation pathway of Li
5
FeO

4
 from an

antifluorite phase to a rocksalt-like delithiated product
[17,26]

. Upon further charging to 4.2 V, the diffraction

features remain relatively weak and broad, reflecting the low crystallinity of the deeply delithiated electrode.

Nevertheless, several discernible reflections can be assigned to Li
2
O, LiF, and the disordered rocksalt phase

(DRP). Additional weak features are also observed but cannot be unambiguously assigned because of the

complex and poorly crystalline nature of the charged electrode.

https://file.oaecenter.com/published/pdf/98c982d9f955bf395dd35423beb1e303/1793237836/em60190-SupplementaryMaterials.pdf
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Figure 4. Gas-evolution behavior and full-cell lithium-compensation performance. (A-D) Electrochemical profiles and corresponding O2

and CO2 evolution rates of (A) LFO, (B) LFO-24h, (C) LFO-BF, and (D) LFO-BF-24h during the first charge-discharge cycle at 50 mA g-1, as
measured by DEMS; (E) Initial charge/discharge profiles of NMC//graphite full cells with and without 4 wt% LFO-BF at 30 mA g-1; (F)
Cycling performance and Coulombic efficiency of NMC//graphite full cells with and without 4 wt% LFO-BF, the black arrows indicating
the corresponding y-axes: the upper arrow for Coulombic efficiency (right axis) and the lower arrow for capacity (left axis). DEMS:
Differential electrochemical mass spectrometer; NMC: lithium nickel manganese cobalt oxide; LFO-BF: NH4BF4-treated Li5FeO4.

The half-cell and ex situ XRD results show that NH
4
BF

4
 treatment preserves the lithium-donating function of

LFO-BF while maintaining the typical bulk delithiation pathway of Li
5
FeO

4
. The treated sample still

undergoes the antifluorite-to-rocksalt-like transformation during the first charge and retains a high charge

capacity after humid-air exposure.

Gas-evolution behavior and full-cell prelithiation performance

Gas evolution of fresh and humid-air-exposed LFO and LFO-BF was further examined by DEMS during the

first charge-discharge cycle at 50 mA g
-1

 [Figure 4A-D]. Fresh LFO exhibits relatively limited gaseous O
2

evolution accompanied by pronounced CO
2
 release [Figure 4A]. It should be noted that the amount of

gaseous O
2
 detected by DEMS does not directly represent the overall extent of oxygen oxidation. During

delithiation of Li-rich antifluorite materials, oxidized oxygen intermediates can either evolve as molecular O
2

or participate in interfacial reactions with the electrolyte, thereby contributing to CO
2
 evolution

[26]
. After

humid-air exposure, LFO-24h shows a substantially shortened charging duration, consistent with its reduced

lithium-donating capacity, together with further decreased O
2
 evolution and increased CO

2
 release [Figure

4B]. In contrast, LFO-BF exhibits markedly higher detectable O
2
 evolution but much lower CO

2
 generation

[Figure 4C]. Importantly, this characteristic gas-evolution behavior is largely retained after humid-air

exposure, with LFO-BF-24h still showing pronounced O
2
 evolution and only limited CO

2
 release [Figure

4D]. Quantitative integration of the calibrated DEMS profiles further highlights these differences. The

integrated O
2
 evolution amounts during the first charge are 33.8, 20.2, 132.5, and 117.1 µmol g

-1
 for LFO,

LFO-24h, LFO-BF, and LFO-BF-24h, respectively, while the corresponding CO
2
 evolution amounts are

545.3, 607.4, 20.7, and 27.2 µmol g
-1
. After humid-air exposure, LFO-BF-24h therefore exhibits approximately

95.5% less CO
2
 evolution than LFO-24h, while retaining substantially higher detectable O

2
 evolution. The

pronounced CO
2
 evolution of untreated LFO is consistent with the presence of carbonate-containing surface

species and becomes further enhanced after humid-air exposure, in agreement with the XRD, FTIR, and XPS

results. Nevertheless, high-voltage electrolyte oxidation and reactions between oxidized oxygen intermediates

and the electrolyte may also contribute to CO
2
 generation. The strongly suppressed CO

2
 evolution of LFO-BF

therefore indicates that the NH
4
BF

4
-derived surface modification substantially reduces CO

2
-generating

interfacial side reactions during delithiation, consistent with previous observations for surface-modified

fluorinated LFO
[17]

. Meanwhile, the higher detectable O
2
 evolution suggests that a larger fraction of oxidized

oxygen species may evolve as gaseous O
2
 rather than being consumed through electrolyte-related side
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reactions.

The lithium-compensation effect of LFO-BF was further examined in NMC//graphite full cells. The LFO-BF

loading was first evaluated at 1, 3, 4, and 6 wt%, and 4 wt% was selected because it provided the most

favorable balance between additional l i thium compensation and reversible ful l-cel l capacity

[Supplementary Figure 11]. The baseline NMC//graphite full cell delivers initial charge and discharge

capacities of 220.5 and 184.4 mAh g
-1
, respectively, corresponding to an initial Coulombic efficiency of 83.6%

[Figure 4E]. After incorporating 4 wt% LFO-BF into the NMC cathode, the initial charge capacity increases

to 246.0 mAh g
-1

, while the initial discharge capacity also increases to 192.0 mAh g
-1

. The lower apparent

initial Coulombic efficiency of 78.1% mainly reflects the additional irreversible charge capacity contributed

by the sacrificial oxidation of LFO-BF during the first charge, while the overall first-cycle irreversible capacity

may also include contributions from graphite-side reactions, cathode-side parasitic processes, and electrolyte

oxidation at high voltage
[3,27]

. The graphite electrode delivers first-cycle lithiation and delithiation capacities

of approximately 350 and 325 mAh g
-1

, respectively, corresponding to an initial Coulombic efficiency of

approximately 93% in a Li half cell [Supplementary Figure 12]. The remaining irreversible capacity is mainly

associated with solid electrolyte interphase (SEI) formation and electrolyte reduction during the initial

lithiation process. Nevertheless, the first-cycle irreversible capacity of the NMC//graphite full cell cannot be

quantitatively attributed solely to the graphite anode, because cathode-side interfacial reactions and oxidative

electrolyte decomposition at the upper cutoff voltage of 4.5 V may also contribute. The benefit of LFO-BF

becomes evident during subsequent cycling [Figure 4F]. The cell containing 4 wt% LFO-BF maintains a

higher discharge capacity than the baseline cell. After 100 cycles, the LFO-BF-containing cell retains 123.0

mAh g
-1

, whereas the baseline cell delivers only 83.8 mAh g
-1

, corresponding to capacity retentions of 64.1%

and 45.4%, respectively. The Coulombic efficiencies of both cells stabilize after the initial cycles, suggesting

that the main role of LFO-BF is to provide sacrificial lithium during the first charge rather than to participate

continuously in later cycling. These results show that LFO-BF retains electrochemical activity after humid-air

exposure and, when used as a fresh additive, provides effective lithium compensation and improved capacity

retention in NMC//graphite full cells.

CONCLUSIONS
In summary, we developed a simple NH

4
BF

4
-assisted surface fluorination treatment to improve the humid-

air stability of Li
5
FeO

4
 cathode prelithiation additives. This treatment converts reactive alkaline Li-containing

surface species into a LiF-rich fluorinated region, while largely preserving the antifluorite bulk structure and

lithium-donating function of Li
5
FeO

4
. The modified surface suppresses humid-air-induced hydration and

carbonation, thereby reducing the formation of LiOH·H
2
O, Li

2
CO

3
, and LiFeO

2
-related degradation

products. As a result, LFO-BF retains a high first-charge capacity of 634.3 mAh g
-1
 after 60% RH exposure for

24 h and 616.7 mAh g
-1

 after 90% RH exposure for 6 h. Ex situ XRD and DEMS further show that LFO-BF

maintains the typical bulk delithiation pathway of Li
5
FeO

4
 while strongly suppressing CO

2
-generating side

reactions during delithiation. In NMC//graphite full cells, LFO-BF improves cycling stability and capacity

retention by supplying additional active lithium during the first charge. This work highlights alkaline-surface

conversion into a LiF-rich region as an effective route to humid-air-tolerant Li-rich antifluorite prelithiation

additives.
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