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Graphical Abstract 1 

 2 

A TiO2 coating strategy is developed to improve the air stability of Li₅FeO4 prelithiation 3 

additives. The protective layer suppresses surface reactions with atmospheric H₂O and 4 

CO2 while preserving effective lithium release. LiFePO4/graphite pouch cells 5 

incorporating the coated additive demonstrate sustained cycling for 2,000 cycles, 6 

highlighting its potential for practical lithium compensation.  7 Ju
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Abstract 26 

Lithium iron phosphate (LiFePO4, LFP)|graphite (Gr) full cells are widely used in large-27 

scale energy storage owing to their safety and long cycling stability. However, 28 

irreversible lithium consumption during solid electrolyte interphase (SEI) formation 29 

depletes the limited lithium inventory, causing initial capacity loss and compromising 30 

the cycling stability of full cells. Lithium-rich lithium ferrite (Li5FeO4, LFO) has 31 

emerged as a promising cathode prelithiation additive for compensating lithium loss, 32 

but its poor air stability and moisture sensitivity restrict practical application. Herein, 33 

we introduce a TiO2 interfacial coating strategy to stabilize LFO by constructing a 34 

nanoscale protective layer on particle surfaces. The TiO2 coating preserves the 35 

antifluorite structure of LFO while suppressing surface degradation and improving 36 

electrode processing compatibility. The optimized 1.5% TiO2@LFO maintains 37 

structural integrity after air exposure for 2 h and effectively mitigates slurry gelation. 38 

In LFP|Gr full cells, TiO2@LFO delivers an irreversible delithiation plateau at 3.5–4.0 39 

V, compensating for SEI-related lithium consumption and increasing the initial 40 
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discharge capacity from 160 to 175 mAh g−1. Moreover, TiO2@LFO enables stable 41 

cycling over 500 cycles at 1C, while LFP|Gr pouch cells achieve 60% capacity retention 42 

after 2000 cycles and remain capable of powering an LED lamp. This work provides 43 

an effective interfacial engineering approach for developing air-stable LFO 44 

prelithiation additives toward practical high-energy-density lithium-ion batteries. 45 

Keywords: long cycling stability; cathode prelithiation additive; Li5FeO4; surface 46 

coating; TiO2 47 

1. Introduction 48 

With the rapid development of renewable energy and electrification technologies, 49 

advanced electrochemical energy storage systems with high safety, long lifespan, and 50 

reliable performance are increasingly demanded[1–4]. Among various battery 51 

technologies, lithium iron phosphate (LiFePO4, LFP)|graphite (Gr) full cells have 52 

attracted extensive attention for large-scale energy storage applications owing to their 53 

excellent thermal stability, low cost, and outstanding cycling durability[5–8]. However, 54 

during the initial charging stage, the electrolyte undergoes reductive decomposition on 55 

the surface of graphite anodes to form a solid electrolyte interface (SEI) film. This 56 

irreversible process consumes approximately 5%–10% of the active lithium within the 57 

cell[9–11]. For LFP systems, which possess a theoretical specific capacity of 170 mAh 58 

g−1, this irreversible lithium loss directly reduces the initial available capacity and 59 

decreases the lithium utilization efficiency of full cells. As cycling progresses, there is 60 

a continuous consumption of active lithium due to persistent interfacial side reactions 61 

and SEI film evolution. This, in turn, accelerates capacity fading and deteriorates the 62 

cycling stability of batteries, as well as the service life of energy storage systems[12,13]. 63 

Consequently, the implementation of cathode lithium compensation strategies to offset 64 

initial lithium loss is of great significance for enhancing capacity utilization, cycling 65 

stability and the economic performance of LFP energy storage batteries. 66 

To compensate for the initial cycle lithium loss, introducing sacrificial lithium 67 

supplement additive on the cathode side is regarded as an engineeringly feasible 68 

strategy[14,15]. Among various candidates, Li5FeO4 (LFO) has attracted considerable 69 
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research interest owing to its anti-fluorite crystal structure and ultrahigh lithium content. 70 

Within its crystal framework, oxygen atoms form a face-centered cubic skeleton, while 71 

Li+ and Fe3+ jointly occupy tetrahedral interstitial sites. Benefiting from its lithium-rich 72 

characteristic, LFO can deliver a lithium source with a specific capacity exceeding 700 73 

mAh g−1 during the initial charging process[16]. In addition, both LFO and LFP belong 74 

to iron-based material systems, and no transition metal ions such as Ni or Co are 75 

introduced in its reaction products, which helps to prevent disruption to the SEI film 76 

structure on the anode[17]. Nevertheless, significant challenges persist in the practical 77 

application of LFO. LFO is highly sensitive to H2O and CO2 in ambient air, readily 78 

generating insulating byproducts including LiOH and Li2CO3 on its surface. These 79 

impurities not only degrade the intrinsic electrochemical activity of the material but 80 

also trigger severe gelation during electrode slurry preparation[18,19]. Meanwhile, the 81 

delithiated residual phase of LFO exhibits low electronic conductivity, thereby further 82 

constraining the electrode reaction kinetics[20]. In recent years, researchers have 83 

attempted multiple modification approaches to address the poor environmental stability 84 

of LFO, such as carbon coating, inorganic salt modification and interfacial structure 85 

regulation[21–24]. For instance, the application of carbon coating has been 86 

demonstrated to enhance the electronic conductivity and mitigate air corrosion of LFO, 87 

yet it offers limited barrier performance against moisture and CO2. Although certain 88 

inorganic coatings can improve surface stability, their interfacial compatibility and 89 

structural integrity under high potential conditions still require further optimization. 90 

Consequently, the development of a coating strategy that simultaneously achieves 91 

superior environmental stability, interfacial chemical inertness and structural 92 

robustness is imperative to advance the practical deployment of LFO as a lithium 93 

supplement additive. 94 

As illustrated in Fig. 1, titanium dioxide (TiO2) with superior chemical stability 95 

was selected as the interfacial coating material in this work. Building on previous 96 

research into surface coatings and interfacial regulation[25–28], a TiO2 protective layer 97 

was formed on the surface of LFO particles through the controlled hydrolysis of 98 

tetrabutyl titanate. This coating layer acts as a physical barrier, suppressing the 99 
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corrosion of LFO by H2O and CO2 in ambient air. Meanwhile, TiO2 possesses a high 100 

lithium intercalation potential and favorable interfacial stability, which mitigates side 101 

reactions under high-voltage conditions[29,30]. From the perspective of interfacial 102 

structure engineering, this work systematically investigates the effects of TiO2 coating 103 

content on the crystal structure, surface chemistry, air stability, and slurry processing 104 

compatibility of LFO. Combined with electrochemical tests of coin full cells and pouch 105 

full cells, the lithium compensation performance and cycling stability of TiO2@LFO 106 

are comprehensively verified. The obtained results provide experimental support for 107 

improving the environmental adaptability and practical application feasibility of the 108 

LFO sacrificial lithium additive. 109 

 110 

Fig. 1. Schematic illustration of the preparation process of TiO2@LFO. 111 

2. Experimental section 112 

2.1. Materials 113 

Lithium oxide (Li2O, 99.9% purity), ferric oxide (Fe2O3), tetrabutyl titanate 114 

(TBOT) and anhydrous ethanol were purchased from Aladdin. Lithium iron phosphate 115 

(LFP), artificial graphite, polyvinylidene fluoride (PVDF), and conductive carbon black 116 

(Super P) were purchased from Guangdong Canrud New Energy Technology Co.,Ltd.. 117 

All chemical reagents employed in this work were of analytical grade and were used 118 

without further purification. The conventional energy-storage electrolyte consists of 1 119 
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mol L−1 LiPF6 dissolved in a mixed solvent of EC:DMC:EMC with a volume ratio of 120 

1:1:1. 121 

2.2. Preparation of lithium additives 122 

The LFO precursor was synthesized via a high-temperature solid-state reaction 123 

method. Given the severe volatilization of lithium sources during high-temperature 124 

calcination, precise weighing was performed at a molar ratio of Li2O:Fe2O3 = 5.2:1 (4% 125 

excess lithium source) for raw material preparation. The mixed powders were 126 

transferred into a milling jar and ball-milled for 10 h to achieve homogeneous mixing 127 

of reactants. Afterwards, the powder mixture was placed in a tube furnace and calcined 128 

at a constant temperature of 750 °C for 20 h under an argon protective atmosphere. 129 

After natural furnace cooling to room temperature, the product was collected, ground 130 

and sieved inside a glovebox to obtain Li5FeO4 active powder with an anti-fluorite 131 

structure.  132 

Specifically, inside a glovebox, TBOT was dissolved in anhydrous ethanol under 133 

ultrasonic dispersion, followed by the addition of LFO powder, synthesized via the 134 

aforementioned procedure, with continuous magnetic stirring. TBOT gradually 135 

underwent hydrolysis by absorbing trace water inside the system, in situ forming a TiO2 136 

gel coating layer on the surface of LFO particles. The solvent of the suspension was 137 

evaporated under vacuum at 80 °C to obtain precursor powders. The precursors were 138 

transferred to a tube furnace and heat-treated at 450 °C for 4 h under an argon 139 

atmosphere. After cooling and grinding, TiO2@LFO sacrificial lithium supplement 140 

additives with TiO2 mass fractions of 1.0%, 1.5% and 2.0% were successfully prepared. 141 

2.3. Characterization methods 142 

The crystal structure and phase composition of the samples were characterized by 143 

X-ray diffraction (XRD) with the range of 10°–80° (2θ). Raman spectroscopy was 144 

utilized to analyze the structural features and surface components of the materials. 145 

Scanning electron microscopy (SEM) was adopted to observe the micromorphology of 146 

samples, and energy dispersive spectroscopy (EDS) was coupled to analyze elemental 147 

distribution. Transmission electron microscopy (TEM) was further employed to 148 

characterize the microstructure of particles and the morphology of the surface coating 149 
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layer. X-ray photoelectron spectroscopy (XPS) was used to investigate the surface 150 

elemental composition and chemical valence states of the materials. 151 

To evaluate the environmental stability of the materials, all powder samples were 152 

exposed to ambient air with a relative humidity of approximately 30% for 2 h. 153 

Subsequent XRD measurements were carried out to analyze the resulting phase 154 

evolution, and SEM together with TEM were applied to observe morphological 155 

variations. Meanwhile, the exposed powders were mixed with conductive agent and 156 

polyvinylidene fluoride (PVDF) to prepare electrode slurries. The processing 157 

compatibility of the materials during electrode fabrication was evaluated by observing 158 

the macroscopic morphology and fluidity variations of slurries, including gelation and 159 

agglomeration behaviors. 160 

2.4. Electrochemical performance testing 161 

To investigate the effects of TiO2 coating on the delithiation behavior and 162 

interfacial reaction kinetics of LFO, CR2032 coin-type half-cells were first assembled 163 

for electrochemical measurements. Coin half-cells were mainly adopted to analyze the 164 

initial charge-discharge profiles, cyclic voltammetry responses, and electrochemical 165 

impedance evolution of the materials, providing experimental evidence for the lithium 166 

compensation mechanism analysis. All coin cells were assembled in an argon-filled 167 

glovebox. The working electrode was fabricated by mixing active LFO material, 168 

conductive carbon black (Super P) and polyvinylidene fluoride (PVDF) binder at a 169 

mass ratio of 90:5:5, followed by coating the slurry onto an aluminum foil current 170 

collector. Lithium metal foil served as the counter electrode, Celgard 2400 was used as 171 

the separator, and the electrolyte was 1 mol L−1 LiPF6 dissolved in a mixed solvent of 172 

EC, DMC and EMC with a volume ratio of 1:1:1. Galvanostatic charge-discharge, 173 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were 174 

performed on LFO|Li half-cells within a voltage window of 2.5–4.3 V. The CV scan 175 

rate was set to 0.05 mV s−1, and the frequency range for EIS measurements spanned 176 

from 105 to 10−2 Hz. 177 

LFP|Li half-cells were further assembled to evaluate the influence of lithium 178 

supplement additives on the electrochemical performance of LFP electrodes. The 179 
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working electrode was composed of LFP, Super P, and PVDF at a mass ratio of 90:5:5. 180 

For the experimental groups, an extra 3 wt% lithium supplement additive (relative to 181 

the mass of LFP) was incorporated, while the proportions of other components 182 

remained unchanged. Lithium metal foil was used as the counter electrode, and all other 183 

assembly parameters were identical to those of the aforementioned LFO|Li half-cells. 184 

Moreover, LFP|graphite full cells were constructed to verify the practical lithium 185 

compensation performance of the supplement additive in realistic battery systems. The 186 

cathode formulation was consistent with that of the LFP half-cells, and graphite was 187 

employed as the anode. Galvanostatic charge-discharge and long-cycle tests were 188 

conducted on full cells at a voltage range of 2.5–4.2 V, and their rate capability was 189 

evaluated simultaneously. To further confirm the practical viability of TiO2@LFO in 190 

pouch cell systems, lab-scale pouch full cells were assembled using TiO2@LFO-191 

modified LFP cathodes and graphite anodes. Galvanostatic charge-discharge and 192 

cycling measurements were carried out within a voltage window of 2.5–3.65 V. These 193 

tests were designed to assess the electrochemical adaptability of the lithium supplement 194 

additive during electrode slurry preparation, pouch cell assembly, and long-term 195 

cycling operation. 196 

3. Results and discussion 197 

3.1. Structural and morphological analysis 198 

The crystal structure and surface chemical composition of the materials were 199 

characterized by XRD and Raman spectroscopy. As shown in Fig. 2a, the diffraction 200 

peaks of the pristine LFO are in close agreement with the standard anti-fluorite structure 201 

of Li5FeO4 (PDF#00-024-0623), with no detectable impurity phases, indicating that a 202 

phase-pure product was successfully obtained via solid-state synthesis. Following the 203 

TiO2 coating process (Fig. 2b), the diffraction patterns of samples with varying coating 204 

amounts (1.0%, 1.5%, and 2.0%) remain essentially consistent with those of the pristine 205 

LFO, and no discernible diffraction peaks attributable to TiO2 are observed, suggesting 206 

that the coating process does not significantly affect the host crystal structure of LFO. 207 

Given the relatively low coating content and the possible presence of TiO2 in an 208 
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amorphous or nanocrystalline form, the corresponding diffraction signals may fall 209 

below the detection limit of XRD. It is worth noting that within the investigated coating 210 

range of 1.0%–2.0%, even the 2.0% TiO2@LFO sample does not exhibit any distinct 211 

crystalline TiO2 diffraction peaks, indicating that TiO2 predominantly exists on the 212 

particle surface in a low-crystallinity or nanodispersed state within this compositional 213 

window. To further elucidate the chemical nature and presence of the surface coating 214 

layer, Raman spectroscopy was performed on the samples. As illustrated in Fig. 2c, the 215 

pristine LFO displays characteristic lattice vibration peaks in the low-wavenumber 216 

region. In comparison, TiO2@LFO retains the characteristic Raman bands of LFO. 217 

Crystalline anatase TiO2 typically exhibits Raman modes at approximately 144, 197, 218 

399, 513/519, and 639 cm⁻¹, whereas rutile TiO2 shows characteristic bands at 219 

approximately 143, 447, and 612 cm⁻¹. However, no well-resolved diagnostic bands 220 

corresponding to either phase are observed for TiO2@LFO, precluding an unambiguous 221 

assignment to crystalline anatase or rutile. Together with the absence of detectable TiO2 222 

reflections in the XRD patterns, these results suggest that the in situ formed coating is 223 

predominantly amorphous or poorly crystallized. The surface presence of TiO2 is 224 

instead confirmed by the Ti 2p XPS signal and TEM observations (Figure 3b, e, f). The 225 

structurally disordered TiO2 layer may provide defect-mediated and relatively isotropic 226 

Li+ transport pathways while protecting the reactive LFO surface; however, an 227 

excessively thick coating would increase the Li+ migration distance and interfacial 228 

resistance. Therefore, optimizing the coating content is essential to balance surface 229 

protection and Li+transport kinetics. The present study focuses on elucidating the 230 

modulatory effects of TiO2 within the low-coating range of 1.0%–2.0% on the air 231 

stability, slurry processability, and lithium compensation performance of LFO. In 232 

addition, weak D and G bands are observed in the high-wavenumber region, which are 233 

typically associated with disordered and graphitic carbon species, respectively. These 234 

signals are likely attributable to residual carbon formed by the incomplete 235 

decomposition and in situ carbonization of tetrabutyl titanate during the heat-treatment 236 

process. It should be noted that the residual carbon content is relatively low and exerts 237 

only a limited influence on the host crystal structure. Nevertheless, the coexistence of 238 
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residual carbon with TiO2 has been shown to moderately improve the interfacial contact 239 

state, thereby exerting a positive effect on subsequent electrochemical reactions. 240 

From a morphological standpoint, as shown in Fig. 2d, the pristine LFO particles 241 

exhibit a relatively rough surface with well-defined boundaries. Following the TiO2 242 

coating process (Fig. 2e–f), taking 1.5% TiO2@LFO as a representative, the particle 243 

surface is observed to be covered by a continuous phase, with the overall morphology 244 

tending to become smoother and denser. To further verify the distribution of the coating 245 

layer, EDS elemental mapping was conducted on this sample. As illustrated in Fig. 2g, 246 

O, Fe, and Ti elements are uniformly distributed across the particle domains, with no 247 

evident elemental segregation, indicating that Ti species have achieved relatively 248 

homogeneous coverage on the particle surface. The structural and morphological results 249 

confirm that a uniformly distributed TiO2 coating layer has been successfully 250 

constructed on the LFO particle surface via a liquid-phase hydrolysis process. This 251 

tailored architecture, while preserving the pristine bulk crystal structure, provides a 252 

foundational basis for the subsequent regulation of interfacial stability. 253 

 254 

Fig. 2. a XRD pattern of pristine LFO; b XRD patterns of LFO with different TiO2 coating 255 
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contents; c Raman spectra of pristine LFO and TiO2-coated LFO; d SEM image of pristine LFO; 256 

e, f SEM images of 1.5% TiO2@LFO; g EDS elemental mapping of 1.5% TiO2@LFO. 257 

3.2. Chemical structure analysis 258 

To further elucidate the surface chemical composition and the structural 259 

characteristics of the coating layer, XPS was conducted on both pristine LFO and 260 

TiO2@LFO samples. The survey spectra (Supplementary Fig. 1a) reveal that the surface 261 

of pristine LFO is primarily composed of Fe, O, C, and Li elements. Upon TiO2 coating, 262 

a distinct Ti 2p signal emerges, accompanied by a marked attenuation of the Fe-related 263 

signals, indicating a substantial alteration of the surface chemical environment. The 264 

high-resolution Fe 2p spectra are presented in Fig. 3a. The pristine LFO exhibits two 265 

characteristic peaks at approximately 710.5 eV and 724.0 eV, corresponding to Fe 2p3/2 266 

and Fe 2p1/2, respectively, along with typical satellite features, confirming that iron 267 

exists primarily in the form of Fe3+, which is consistent with the structural configuration 268 

of Li5FeO4. Conversely, for the TiO2@LFO sample, the Fe 2p signal is significantly 269 

attenuated, approaching the detection limit and leaving only a weak background 270 

response. Given that the effective probing depth of XPS is generally in the range of 5–271 

10 nm, this pronounced signal suppression strongly suggests that a relatively 272 

continuous TiO2 overlayer has been formed on the particle surface, effectively 273 

screening the substrate signal. Figure 3b displays the high-resolution Ti 2p spectrum of 274 

the TiO2@LFO sample, where the Ti 2p3/2 and Ti 2p1/2 peaks are located at 458.5 eV 275 

and 464.3 eV, respectively, with a spin–orbit splitting of approximately 5.8 eV. These 276 

values are characteristic of Ti4+, and the absence of discernible low-valence Ti species 277 

indicates that the TiO2 structure remains stable during the calcination process. 278 

Furthermore, as shown in Supplementary Fig. 1b, the Li 1s signal of the TiO2@LFO 279 

sample is notably weaker than that of pristine LFO. This attenuation can be reasonably 280 

attributed to the enhanced inelastic scattering and signal damping effects induced by 281 

the surface coating layer, which suppress the photoemission from the underlying LFO 282 

matrix. The O 1s high-resolution spectra (Fig. 3c) further reveal the evolution of surface 283 

chemical states. For pristine LFO, the O 1s spectrum consists of multiple overlapping 284 

components, with the higher-binding-energy region (~531.5 eV and ~533.0 eV) 285 
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primarily corresponding to C=O and C–O bonds from surface carbonate/organic 286 

residues, whereas the lattice oxygen signal at the lower-binding-energy side appears 287 

relatively weak. This observation suggests that the pristine LFO surface is likely 288 

covered by a layer of carbonate or organic contaminants, which masks the intrinsic 289 

lattice oxygen signal. In contrast, the TiO2@LFO sample exhibited a prominent low-290 

binding-energy peak at around 529.0 eV, attributable to the lattice oxygen of Ti–O 291 

bonds. This peak became the predominant component, indicating that TiO2 now exerts 292 

a dominant influence on the surface chemical environment. In addition, the C 1s 293 

spectrum (Fig. 3d) reveals minor C–C, C–O, and O–C=O components, which may 294 

originate from precursor decomposition residues or carbonate species formed upon 295 

exposure to air. The relatively weak intensity of these signals suggests a limited amount 296 

of surface carbonaceous species. The formation and morphology of the protective layer 297 

were further examined by TEM. The pristine LFO particle shows a relatively rough 298 

surface without a clearly distinguishable coating layer (Fig. 3e). In comparison, 299 

TiO2@LFO exhibits a continuous interfacial layer surrounding the LFO particle (Fig. 300 

3f). The thickness of this TiO2-rich layer is approximately 130 nm, as indicated by the 301 

dashed boundaries. These XPS and TEM results collectively confirm the successful 302 

construction of a continuous TiO2 coating on the LFO surface. The coating effectively 303 

isolates the reactive LFO core from direct exposure to the external environment and is 304 

therefore expected to suppress surface degradation and improve the air stability of LFO. 305 
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 306 

Fig. 3. High-resolution XPS spectra and TEM characterization of LFO and TiO2@LFO: a Fe 2p 307 

spectra of pristine LFO (top) and TiO2@LFO (bottom); b Ti 2p spectrum of TiO2@LFO; c O 1s 308 

spectra of pristine LFO (top) and TiO2@LFO (bottom); d C 1s spectra of pristine LFO (top) and 309 

TiO2@LFO (bottom); e TEM image of pristine LFO; and f cross-sectional TEM image of 310 

TiO2@LFO showing a TiO2-rich layer with a representative thickness of approximately 130 nm. 311 

3.3. Air stability analysis 312 

A major challenge limiting the practical application of LFO as a prelithiation 313 

additive is its high sensitivity to ambient moisture and carbon dioxide. The highly 314 

reactive lithium species at the LFO surface can readily interact with H2O and CO2, 315 

resulting in surface reconstruction and the formation of undesirable lithium-containing 316 

by-products. These surface reactions not only deteriorate the structural integrity of LFO 317 

but also impair its compatibility with electrode processing. To investigate the protective 318 

effect of TiO2 coating, pristine LFO and TiO2@LFO samples were exposed to air with 319 

a relative humidity of 30% for 2 h, followed by structural and processability evaluations. 320 

As shown in Fig. 4a, pristine LFO exhibits an obvious color change from light yellow 321 

to brownish orange after air exposure, indicating severe surface degradation. In contrast, 322 

TiO2@LFO maintains its original appearance, suggesting enhanced environmental 323 

stability. XRD analysis further confirms the distinct degradation behaviors of the two 324 

samples (Fig. 4b). After exposure, LFO presents additional diffraction peaks 325 
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corresponding to LiOH, Li2CO3, and LiFeO2, demonstrating the occurrence of surface 326 

chemical transformation. These products originate from the reaction between surface 327 

lithium species and atmospheric H2O/CO2, accompanied by partial lattice 328 

reconstruction. In comparison, TiO2@LFO retains the characteristic diffraction peaks 329 

of the LFO phase without detectable impurity phases, indicating that the TiO2 coating 330 

effectively suppresses surface reactions and preserves the structural integrity of LFO. 331 

The microscopic evolution of LFO after air exposure is further revealed by TEM 332 

observations. As shown in Fig. 4c, severe surface corrosion and abundant 333 

amorphous/secondary phases are observed on exposed LFO particles, accompanied by 334 

unclear particle boundaries and disrupted surface morphology. In contrast, TiO2@LFO 335 

particles maintain well-defined contours(Fig. 4d), with no obvious by-product 336 

deposition, further demonstrating the protective capability of the TiO2 interfacial layer. 337 

The formation of lithium-containing surface species also significantly affects 338 

slurry processing. During electrode fabrication, the alkaline LiOH/Li2CO3 species 339 

generated on degraded LFO surfaces can interact with PVDF binders, causing 340 

dehydrofluorination and promoting undesirable crosslinking reactions[31,32]. As a 341 

result, the LFO-based slurry exhibits severe gelation and poor fluidity (Fig. 4e). By 342 

suppressing the formation of reactive surface species, the TiO2 coating prevents 343 

detrimental interactions between LFO and the binder system. Consequently, the 344 

TiO2@LFO slurry maintains good dispersion and fluidity, enabling improved electrode 345 

processing compatibility (Fig. 4f). The enhanced air stability of TiO2@LFO can be 346 

attributed to the conformal TiO2 coating, which acts as an effective interfacial barrier 347 

against external H2O/CO2 penetration while regulating surface lithium reactivity. This 348 

interfacial stabilization strategy simultaneously inhibits surface degradation and 349 

preserves slurry processability, providing a practical approach for improving the 350 

environmental tolerance of LFO prelithiation additives. 351 
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 352 

Fig. 4. a Optical images of LFO and TiO2@LFO powder after exposure; b XRD patterns after air 353 

exposure for 2 h; c, d TEM image of (c)LFO and (d)TiO2@LFO after exposure; e, f Slurry state of 354 

e LFO and f TiO2@LFO after exposure. 355 

3.4. Battery performance analysis 356 

To further evaluate the influence of TiO2 coating on the interfacial reaction kinetics 357 

and lithium compensation behavior of the materials, a series of systematic 358 

electrochemical characterizations were performed. Figure 5a presents the initial 359 

charge–discharge curves of samples with varying coating amounts, with the 360 

corresponding parameters summarized in Supplementary Table S1. Pristine LFO 361 

delivers a first-charge delithiation capacity of 575 mAh g-1, with its main lithium-362 

release plateau located at 3.6–4.3 V and accompanied by pronounced charging 363 

polarization. After TiO2 modification, the first-charge delithiation capacities increase to 364 

704 and 720 mAh g-1 for 1.0% TiO2@LFO and 1.5% TiO2@LFO, respectively, while 365 

the main lithium-release plateau shifts to a lower voltage range of 3.5–4.3 V. These 366 

results indicate that an appropriate TiO2 coating alleviates interfacial polarization and 367 

promotes the extraction of active lithium from LFO during the first charge, thereby 368 

improving its lithium-compensation capability. Among the coated samples, 1.5% 369 

TiO₂@LFO delivers the highest initial charge capacity; notably, its initial discharge 370 

capacity also increases from 21 mAh g⁻¹ (for pristine LFO) to 71 mAh g⁻¹, indicating 371 
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concurrent improvements in both electrode reaction kinetics and interfacial stability at 372 

this optimal coating level. In contrast, further increasing the TiO2 content from 1.5% to 373 

2.0% leads to a pronounced deterioration in electrochemical performance. The first-374 

charge capacity decreases from 720 to 619 mAh g-1, accompanied by a sharp decline in 375 

the first-discharge capacity from 71 to 23 mAh g-1. Because the first-charge capacity 376 

primarily reflects the amount of Li that can be extracted from LFO, the simultaneous 377 

decrease in both charge and discharge capacities suggests a loss of electrochemically 378 

accessible LFO rather than enhanced irreversible lithium compensation. This 379 

deterioration is likely associated with excessive TiO2 coverage, which may form a 380 

thicker and locally aggregated surface layer and thereby increase the effective Li+ 381 

transport distance to the underlying LFO. At the same time, excessive surface coverage 382 

can reduce electrolyte accessibility and partially block electrochemically active sites, 383 

resulting in increased interfacial charge-transfer resistance. These coupled transport and 384 

interfacial limitations suppress both Li+ extraction during charging and subsequent Li+ 385 

reinsertion during discharge, ultimately limiting the accessible capacity. Thus, beyond 386 

the optimal TiO2 loading, the additional protective benefit of the coating is outweighed 387 

by the associated penalties in Li+ transport and interfacial kinetics, leading to the 388 

observed capacity loss at 2.0% TiO2. Considering the combined metrics of initial charge 389 

capacity, discharge capacity, and delithiation voltage characteristics, 1.5% TiO2@LFO 390 

is identified as the optimal formulation with superior lithium compensation 391 

performance in this study. 392 

To gain further insight into the interfacial charge-transfer kinetics, electrochemical 393 

impedance spectroscopy (EIS) was performed on the LFO|Li and 1.5% TiO2@LFO|Li 394 

half-cells before and after the first charge. The corresponding Nyquist plots and 395 

equivalent circuit are shown in Fig. 5b, and the fitted parameters are summarized in 396 

Supplementary Table S2. Before charging, the pristine LFO electrode exhibits series 397 

resistance (Rs) and charge-transfer resistance (Rct) values of 2.116 Ω and 50.85 Ω, 398 

respectively. By comparison, the 1.5% TiO2@LFO electrode exhibits Rs and Rct values 399 

of 1.779 and 46.80 Ω, respectively. The comparable Rs values indicate that the TiO2 400 

coating does not introduce an appreciable ohmic penalty, whereas the lower Rct suggests 401 
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a reduced interfacial charge-transfer barrier and facilitated Li+ extraction during the first 402 

charge. After the first charge, the Rs values of LFO and 1.5% TiO2@LFO remain 403 

comparable at 2.179 and 2.012 Ω, respectively, while their Rct values decrease 404 

markedly to 18.86 and 14.55 Ω. The pronounced decrease in Rct indicates enhanced 405 

interfacial charge-transfer kinetics following irreversible Li+ extraction and 406 

electrochemical activation during the first charge. Notably, 1.5% TiO2@LFO 407 

consistently exhibits a lower Rct than pristine LFO both before and after the first charge, 408 

confirming that the optimized coating preserves favorable interfacial charge-transfer 409 

kinetics without imposing an additional kinetic barrier. Combined with the structural 410 

and air-stability results, these findings demonstrate that an optimized TiO2 coating 411 

balances surface protection with favorable interfacial kinetics, thereby facilitating 412 

active-lithium release and improving the lithium-compensation performance of LFO. 413 

To elucidate the lithium compensation behavior of the material in a full-cell 414 

configuration, differential capacity (dQ/dV) curves at low rates (Fig. 5c) and CV 415 

profiles (Fig. 5d) were analyzed. The pristine LFP exhibits typical and symmetric 416 

reversible redox peaks. Upon incorporation of 1.5% TiO2@LFO, an additional broad 417 

peak emerges within the 3.6–4.2 V region during the charging process, corresponding 418 

to an anodic current response initiating at approximately 3.6 V in the forward CV scan. 419 

This feature is attributable to the irreversible delithiation reaction of LFO during the 420 

initial charge (Li5FeO4 → LiFeO2 + 4Li+ + 4e−, accompanied by structural 421 

rearrangement), which releases active lithium ions into the system. During the 422 

subsequent discharge, the reduction peak in this high-voltage region essentially 423 

disappears, leaving only the characteristic reduction peak of LFP at approximately 3.3 424 

V, confirming the distinctly irreversible nature of this reaction. 425 

Figure 5e further presents the voltage profiles during the initial charge–discharge 426 

process at 0.1C. The pristine LFP displays a typical flat charging plateau at 427 

approximately 3.4 V, delivering an initial charge specific capacity of about 160 mAh 428 

g−1. In contrast, the LFP+TiO2@LFO composite electrode exhibits an additional 429 

charging plateau in the 3.5–4.2 V range following the 3.4 V plateau, corresponding to 430 

the delithiation process of the lithium compensator. Compared with the pristine LFO, 431 
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which typically manifests a sudden voltage surge and pronounced polarization, the 432 

TiO2@LFO composite displays a more gradual and continuous charging profile, 433 

indicating mitigated polarization during the activation process. This improvement can 434 

be attributed to the fact that the coating layer optimizes the interfacial contact to a 435 

certain extent and helps maintain interfacial stability at elevated potentials. Benefiting 436 

from the extra active lithium released by TiO2@LFO during the initial charge, which 437 

partially compensates for the irreversible lithium loss incurred during the formation of 438 

the solid electrolyte interphase (SEI) on the anode, the initial Coulombic efficiency of 439 

the system is enhanced. Consequently, the initial discharge specific capacity of the 440 

composite electrode increases from approximately 160 mAh g−1 for pristine LFP to 441 

about 175 mAh g−1. 442 

To evaluate the kinetic performance, the 1.5% TiO2@LFO was incorporated into 443 

the LFP cathode and assembled into full cells with graphite anodes for rate capability 444 

testing (Fig. 5f). At various C-rates ranging from 0.2C to 2C, the composite electrode 445 

consistently delivers higher discharge capacities than the pristine LFP counterpart. 446 

Moreover, when the current rate is restored to 0.2C, the capacity is essentially recovered, 447 

indicating favorable reversibility and structural stability of the system. These results 448 

demonstrate that the TiO2 coating introduces the lithium compensation functionality 449 

without imposing any significant adverse effect on the rate capability of the electrode. 450 

To assess the long-term cycling stability, the coin-type LFP|graphite full cells were 451 

cycled at 1C for 500 cycles within a voltage range of 2.5–4.2 V (Fig. 5g). During the 452 

initial cycling stage, the LFP+TiO2@LFO|C cell delivers a discharge capacity of 453 

approximately 145 mAh g−1, which is higher than that of the reference system without 454 

a lithium compensator (approximately 125 mAh g−1). As cycling proceeds, the capacity 455 

of the reference cell gradually decays, whereas the composite electrode maintains a 456 

capacity above approximately 125 mAh g−1 after 500 cycles, with the Coulombic 457 

efficiency consistently approaching 100%. This result indicates that the TiO2-coated 458 

LFO not only achieves effective lithium compensation during the first charge but also, 459 

through its coating architecture, potentially mitigates sustained side reactions between 460 

the delithiated residual phase and the electrolyte, thereby retarding interfacial 461 
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impedance growth and capacity fade. An optimal amount of TiO2 coating realizes a 462 

synergistic optimization of lithium compensation efficiency and cycling stability 463 

without compromising the lithium compensation functionality of LFO. To further 464 

evaluate the practical applicability of TiO2@LFO, LFP|graphite pouch cells were 465 

assembled and cycled at 1C within a voltage range of 2.5–3.65 V. As shown in Figure 466 

5h, the pouch cell incorporating the LFP+TiO2@LFO cathode delivers an initial 467 

discharge specific capacity of 112 mAh g−1, confirming that TiO2@LFO effectively 468 

functions as a lithium compensator during the formation process of pouch cells, 469 

offsetting part of the active lithium consumed by SEI formation on the graphite anode. 470 

After 2,000 cycles, the pouch cell retains 60% of its initial capacity, indicating that 471 

TiO2@LFO does not induce uncontrolled parasitic side reactions within the pouch cell 472 

configuration and that the battery maintains sustained long-term operation. At the same 473 

1C rate, the coin cell in Fig. 5g delivers an initial discharge capacity of approximately 474 

145 mAh g-1, compared with 112 mAh g-1 for the pouch cell. The lower pouch-cell 475 

capacity is partly attributable to its narrower voltage window and may also reflect cell-476 

format-dependent differences in electrode loading, compaction density, electrolyte 477 

availability, electrode wetting, stack pressure, and current-distribution uniformity. 478 

Throughout the long-term cycling, the Coulombic efficiency of the pouch cell remains 479 

at a consistently high level, suggesting that TiO2@LFO primarily undergoes 480 

irreversible delithiation and releases active lithium during the initial charge stage, 481 

without continuously consuming electrolyte or triggering severe interfacial side 482 

reactions in subsequent cycles. To visually demonstrate the actual energy output 483 

capability of the pouch cell after prolonged cycling, an LED lamp was powered by the 484 

LFP+TiO2@LFO pouch cell. As shown in the inset of Fig. 5h, the pouch cell is capable 485 

of steadily driving the LED lamp, demonstrating that it still retains effective electrical 486 

energy output after extended cycling. Collectively, these results further substantiate that 487 

the TiO2@LFO lithium compensator not only exhibits favorable lithium compensation 488 

performance in coin cells but also demonstrates viable application potential in pouch-489 

type full cells. 490 
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 491 
Fig. 5. a Initial charge–discharge curves of different samples; b EIS spectra of LFO|Li and 1.5% 492 

TiO2@LFO|Li half-cells before and after the first charge (the inset shows a magnified view of the 493 

EIS after the first charge); c Differential capacity (dQ/dV) curves of full cells during the initial 494 

cycle; d CV curves of the initial cycle; e Initial charge–discharge voltage profiles at 0.1C; f Rate 495 

performance at different current densities; g Cycling performance at 1C within 2.5–4.2 V; h 496 

Cycling performance of the pouch full cell at 1C within 2.5–3.65 V, with the inset showing a 497 

photograph of the pouch cell lighting up an LED lamp. 498 

4. Conclusions 499 

In this work, the cycling stability of LFP batteries for energy storage applications 500 

is enhanced through the development of a TiO2-coated LFO cathode prelithiation 501 

additive via a combined strategy of high-temperature solid-state synthesis and liquid-502 

phase hydrolysis. Structural characterization reveals that the approximately 1.5% TiO2 503 

nanocoating achieves uniform coverage over the LFO particle surface without altering 504 

the intrinsic anti-fluorite crystal structure of the host material. This surface modification 505 

has been shown to effectively mitigate the detrimental reactions of LFO with H2O and 506 

CO2 upon ambient exposure, enabling the coated sample to retain structural integrity 507 

even after 2 h of air exposure while significantly suppressing the formation of alkaline 508 
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surface by-products. Consequently, the gelation issue commonly encountered during 509 

cathode slurry preparation is markedly alleviated, thereby substantially improving the 510 

processing compatibility of the material. Electrochemical evaluations demonstrate that 511 

upon incorporation of the TiO2@LFO compensator into LFP|graphite full cells, an 512 

additional charging plateau emerges within the 3.5–4.0 V region, corresponding to the 513 

irreversible delithiation of the compensator during the initial charge. This process 514 

provides supplementary active lithium to the system, thereby effectively compensating 515 

for the lithium inventory consumed by SEI formation on the graphite anode. This, in 516 

turn, enhances the initial discharge specific capacity. The results of long-term cycling 517 

tests in coin-type full cells indicate that the TiO2@LFO-containing cells maintain stable 518 

capacity output after 500 cycles at 1C, attesting to the favorable cycling compatibility 519 

of this compensator in coin-cell configurations. To further evaluate its practical 520 

applicability in architectures more representative of commercial battery manufacturing, 521 

LFP|graphite pouch cells were assembled and subjected to extended cycling tests. The 522 

results show that the pouch cell employing the LFP+TiO2@LFO cathode delivers an 523 

initial discharge specific capacity of 112 mAh g−1 and retains 60% of its initial capacity 524 

after 2,000 cycles at 1C, with the post-cycled cell still capable of powering an LED 525 

lamp. These findings collectively confirm that TiO2@LFO retains effective lithium 526 

compensation capability, cycling adaptability, and reliable energy output in pouch-cell 527 

systems. Overall, the surface TiO2 coating strategy, through precise modulation of the 528 

surface chemical environment and interfacial reaction behavior, simultaneously 529 

enhances the air stability of LFO while preserving its lithium compensation efficiency, 530 

processing compatibility, and cycling robustness in pouch cells. This work provides a 531 

viable modification pathway for the development of highly air-stable LFO-based 532 

lithium compensators towards practical energy storage applications. 533 
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