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Abstract: Electrode stabilization by surface passivation has been explored as the most crucial 

step to develop long-cycle lithium-ion batteries (LIBs). In this work, functionally graded 

materials (FGM) consisting of "conversion-type" iron-doped nickel oxyfluoride (NiFeOF) 

cathode covered with a homologous passivation layer (HPL) are rationally designed for long-

cycle LIBs. The compact and fluorine (F)-rich HPL plays dual roles in suppressing the volume 

change of NiFeOF porous cathode and minimizing the dissolution of transition metals during 

LIBs cycling by forming a structure/composition gradient. The structure and composition of 

HPL reconstruct during lithiation/delithiation, buffering the volume change and trapping the 

dissolved transition metals. As a result, a high capacity of 175 mAh g-1 (equal to an outstanding 

volumetric capacity of 936 Ah L-1) with a greatly reduced capacity decay rate of 0.012% per 

cycle for 1000 cycles is achieved, which is superior to the NiFeOF porous film without HPL and 

commercially available NiF2-FeF3 powders. The proposed chemical and structure reconstruction 

mechanism of HPL opens a new avenue for the novel materials development for long-cycle LIBs.  

Keywords: functionally graded materials; “conversion-type” cathode; homologous passivation 

layer; surface reconstruction; long-cycle battery 
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Introduction 

Lithium-ion batteries (LIBs) science and technology have gained significant progress in the 

past decades for many commercial applications such as portable and personal electronics.[1] [2] [3] 

Recent ambitions to replace the internal combustion engine (ICE) and propel vehicles using LIBs 

are of great promise and challenge. A huge market potential as 43% of LIBs manufacturing was 

demanded in 2016 for the electric vehicle industry, which is projected to be 50% in 2025.[2] 

Concerns over electric vehicles are all related to the LIBs performance, e.g. driving range 

(energy density),[4] safety (cathode and electrolyte decomposition),[5] charging rate (power 

density),[6] cycle life (electrode degradation),[7] and cost (expensive metals used in the 

cathodes).[8] Among these challenges, cathode materials always ought to be blamed because of 

their low energy density, low electrical conductivity, poor stability, and high production cost.[9] 

More specifically, commercial "intercalation-type" cathode materials (e.g., LiCoO2, LiMn2O4) 

have low specific capacity owing to the limited interstitial sites for Li+ storage.[10] Whereas, 

emerging "conversion-type" cathode materials exhibit much higher capacity than "intercalation-

type" cathodes due to the multi-electron redox reactions during cycling, making them promising 

candidates for future LIBs.[9],[11] However, many problems, such as huge volume change and 

materials degradation, still constraint the further application of "conversion-type" cathodes in 

actual applications.[12-13] Especially, transition metal dissolution is one of the dominant 

mechanisms responsible for cathode degradation,[14-15] leading to poor cyclability and potential 

safety issues.[16]  

Metal fluorides (MF) have been suggested as high capacity "conversion-type" cathode 

materials thanks to the high electronegativity of fluorine (F) and strong ionic metal-fluorine (M-

F) bonds.[17] However, the poor conductivity of MF brings about sluggish kinetics for conversion 
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reactions. The incorporation of oxygen (O) in the crystal structure of MF can modify the 

coordinating environment of F and increase the electronic conductivity of MF by forming more 

conducting covalent metal-oxygen (M-O) bond.[18] Besides anion modification, the mixed cation 

is another strategy to regulate the electronic structure of MF, thereafter improving the 

electrochemical performance.[19] For example, a small amount of Co-doping (up to 7 at%) in 

FeF3 was reported to decrease the charge transfer resistance and improve the cyclability of LIBs 

by increasing the Li+ diffusion coefficient.[20] Thereupon, binary metal oxyfluorides (M1M2OF, 

M1, and M2 stand for different transition metals such as Fe, Co, and Ni) are supposed to show 

improved electrochemical performance due to the synergistic co-doping effects of anion and 

cation.[21-22] Even though these doping-based strategies have been suggested to enhance the 

electrical and electrochemical properties of "conversion-type" cathodes, their poor cyclability 

caused by the volume change and transition metal dissolution still challenge the LIBs community. 

In order to improve the cyclability of "conversion-type" cathodes, surface passivation of 

materials using different coating layers such as carbonaceous materials (carbons, polymers, etc.) 

and metal oxides (Al2O3, MgO, etc.) have been employed based on their good mechanical 

strength to suppress the volume change during cycling.[23-26] In addition, these surface coating 

layers separate the cathodes from direct contact with the electrolytes, avoiding the parasitic 

reactions at the electrode-electrolyte interfaces.[27-28] However, there are still many unsolved 

fundamental challenges in the cathode surface passivation, which impede the efficient protection 

of cathodes. Especially, the heterogeneous coating-electrode interfaces bring about significant 

issues, such as increased internal resistance,[29-32] lattice strains caused by lattice mismatches at 

the interfaces, additional charge transfer barrier and capacitive internal electric field,[27],[33] and 

sluggish Li+ diffusion kinetics across the interfaces,[34] which negatively affect LIBs performance. 
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In addition, conventionally used coating techniques in academic research, including atomic layer 

deposition (ALD), chemical vapor deposition (CVD), and other physical deposition technologies, 

cannot be easily integrated with the current LIBs manufacturing.[35-36] 

Inspired by our prior works on metal fluorides and oxyfluorides,[37-39] an F-rich homologous 

passivation layer (HPL) simultaneously grown on the surface of nanoporous NiFeOF film during 

anodic growth of NiFeOF is intentionally remained, therefore forming functionally graded 

materials (FGM) that are proposed as an ideal strategy for long-cycle LIBs. In such materials, an 

HPL with a similar elemental composition but different stoichiometry with the active material is 

rationally designed to passivate "conversion-type" cathodes by forming 

a structure/composition gradient in order to resolve these fundamental challenges and technical 

problems for the cathode surface passivation. The structure and composition reconstruction of 

HPL help to buffer the volume change and trap the dissolved transition metals. In order to 

validate the proposed concept, a one-pot electrochemical synthesis based on anodization was 

used to fabricate porous "conversion-type" cathodes simultaneously covered with a compact 

HPL during electrochemical treatment: taking iron-doped nickel oxyfluorides (NiFeOF) as an 

example. Note that "NiFeOF" represents the general elemental composition, which does not 

stand for the atomic ratios of elements in the materials. The porous structure of NiFeOF provides 

high surface area and short ion diffusion distance for the electrochemical conversion reactions. 

The compact HPL reconstructs during cycling and protects the underneath porous NiFeOF from 

degradation. As a result, a significantly improved cyclability of LIBs is achieved, which opens a 

new avenue for the electrode stabilization.  

Results and Discussion 
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The synthetic approach for the HPL-covered NiFeOF porous cathodes is developed by a 

one-pot electrochemical anodization treatment on the electrodeposited NiFe alloy films (more 

experimental details in Supplementary Information). The Fe-doping content in the anodized 

NiFeOF film was quantitatively analyzed to be 2.5% by X-ray fluorescence (XRF, Figure S1). 

The cross-sectional scanning electron microscopy (SEM) image (Figure 1a) of the anodically 

formed NiFeOF film shows an apparently highly porous structure in a thickness of 5 µm, which 

is naturally covered with a 0.5 µm compact HPL. Energy-dispersive X-ray spectroscopy (EDX) 

cross-sectional profile (Figure 1b, top) of the compact HPL shows a similar elemental 

composition with the underneath porous NiFeOF film, which contains Ni, Fe, O, and F elements. 

However, the compact HPL shows a high F-content and a different stoichiometry with the 

porous NiFeOF film, indicating the formation of a structure/composition gradient in the 

materials. The composition gradient across the NiFeOF FGM was further analyzed by X-ray 

photoelectron spectroscopy (XPS). The XPS Ni 2p peaks confirm the Ni-F (857.2 eV and 874.7 

eV) and Ni-O (856.0 eV and 873.5 eV) bonds in the materials (Figure 1c).[40-42] In addition, the 

XPS F 1s peaks located at 684.5 eV and 683.8 eV indicate the formation of Ni-F and O-Ni-F 

bonds (Figure 1d).[43] In order to investigate the changes in the chemical state and composition 

from the surface to the interior of the materials, the NiFeOF film with removed HPL was 

analyzed by XPS as shown in the lower profiles of Figure 1c, d. The NiFeOF film without HPL 

shows the same composition but decreased Ni-F content (7.3%) as compared to the as-prepared 

NiFeOF covered with HPL (upper profiles of Figure 1c, d, 16.4%), further confirming the 

formation of F-rich layer on the material surface. The formation of the compact F-rich HPL on 

top of the porous NiFeOF film agrees well with the "plastic flow model" theory observed in 

other metal anodization processes such as the anodized TiO2 and Al2O3.[44] Similar to the 
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anodization of Ti in the high F-content organic electrolyte, coordination complex (such as 

[NiF6]4- and [NiF4]2-) will be formed during the anodization of NiFe alloy. The coordination 

complex is physically very soft, which can flow like plastic and accumulate on the material 

surface under the internal stress caused by the formation of the nanoporous structure during 

anodization.[44] As a consequence, the coordination complex precipitated on the surface of 

NiFeOF porous film, forming an FGM. Such functionally graded NiFeOF films are freestanding 

and additive-free, which can be directly used as cathodes in the LIBs coin-cell testing without 

further treatment. During LIBs cycling, the increase in the Ni-content and decrease in the F-

content were observed in the F-rich HPL after 100 cycles (Figure 1b, middle), and thereafter the 

compositions keep consistent over 1000 cycles (Figure 1b, bottom). This composition 

reconstruction process of HPL is proposed to be a trapping mechanism for the protection of 

NiFeOF (Figure 1e). In the initial few cycles, the metal clusters reduced from NiFeOF during 

discharging (Eq. 1) tend to be dissolved in the electrolyte following the same way as reported in 

other "conversion-type" cathode materials:[9]  

𝑛𝐿𝑖$ + 𝑛𝑒' +𝑀)$𝑋 ↔ 𝐿𝑖)𝑋 +𝑀,                   (1) 

where M stands for transition metals such as Fe, Co, Ni, Cu, etc., and X represents S2−, O2−, F−, 

etc. Then, the dissolved metal ions would be trapped by the coordination complex in the F-rich 

HPL covered on the surface of NiFeOF. After trapping of the dissolved Mn+, the HPL would be 

saturated and resist further diffusion of Mn+ from the underneath NiFeOF film, therefore 

achieving good stability of NiFeOF during LIBs cycling. The proposed conversion reaction 

mechanism (Eq. 1) was proved by Fourier-Transform Infrared Spectroscopy (FTIR) studies of 

NiFeOF at different lithiation/delithiation states (Figure S2). The M-X bonds are present during 
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delithiation and disappear during lithiation, which is in good agreement with the conversion 

reaction mechanism. 

In order to further support the proposed HPL reconstruction mechanism, electrochemical 

LIBs properties of NiFeOF were investigated by cyclic voltammetry (CV) at a scan rate of 0.1 

mV s-1 in a voltage window of 0.7-4.0 V (vs Li/Li+). Two pairs of CV peaks can be identified 

within broad potential regions in Figure 2a, which indicate the typical Li+ storage mechanism in 

the "conversion-type" cathodes. In the 1st discharging process, the broad peak located at about 

2.25 V is assigned to the mixed lithiation mechanisms, including surface reconstruction and Li+ 

insertion. Another broad cathodic peak located at 1.45 V is ascribed to Mn+ (Ni2+ and Fe2+) 

reduction to M0 (Ni0 and Fe0). In the 1st charging process, two anodic peaks centered at 1.42 V 

and 2.06 V are corresponding to M0 oxidation and Li+ extraction, respectively. The redox 

reactions of Mn+/M0 and Li+ insertion/extraction processes thereafter gradually stabilize in the 

potential ranges of 1.26-1.40 V/1.33-1.44 V and 1.89-1.95 V/2.07-2.27 V, respectively, after the 

1st lithiation/delithiation cycle.  

In order to study the lithiation/delithiation kinetics in the HPL-covered NiFeOF cathode, CV 

measurements were conducted at different scan rates after 5th, 10th, 15th, and 20th cycles, as 

shown in Figure 2b. The lithiation/delithiation processes of NiFeOF are typically composed of 

Faradaic redox reactions and non-Faradaic capacitive effects, which show different peak current-

scan rate relationships. The Faradaic redox reactions are kinetically diffusion-controlled 

processes, which show a linearly increased peak current as a function of the square root of the 

scan rate. On the other hand, the non-Faradaic capacitive current augments proportionally with 

the scan rate. Therefore, the contributions of Faradaic redox reactions and non-Faradaic 
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capacitive effects to the overall lithiation/delithiation processes of NiFeOF can be estimated by 

calculating the b value according to Eq. 2: 

													𝐼/ = 𝑎𝑣3                           (2) 

where Ip is the peak current obtained from the CV curves and v is the scan rate. The b values of 

0.5 and 1 indicate the ideal Faradaic redox reactions and non-Faradaic capacitive effects, 

respectively. In the actual LIBs, the b values are mostly between 0.5 and 1 because of the mixed 

electrochemical processes. In this work, the b values are calculated to be 0.65 for lithiation and 

0.79 for delithiation (Figure S3a), indicating more capacitive behaviors with facilitated Li+ 

diffusion kinetics. The contributions of the Faradaic diffusion-controlled process and non-

Faradaic capacitive process were quantitatively analyzed by measuring lithiation/delithiation CV 

loops at different scan rates (Figure S3b, c). Almost 67% of the overall capacity marked as a 

shadow area in the CV curve (Figure 2c) was contributed from the capacitive behavior of 

NiFeOF, indicating the facilitated energy storage kinetics. The dominated capacitive behavior 

should originate from the nanoporous microstructure with a high specific surface area and short 

Li+ diffusion pathway during fast charging. Galvanostatic intermittent titration technique (GITT, 

Figure 2e) profiles and calculated Li+ diffusion coefficient (D, Figure 2f) show similar D values 

for the NiFeOF with and without HPL, indicating that the surface HPL coating does not decrease 

the Li+ diffusion. Furthermore, the surface HPL coating stabilize the Li+ diffusion during 

discharging.  

Electrochemical impedance spectroscopy (EIS) measured at different lithiation/delithiation 

states provide kinetic characteristics of NiFeOF during the charging/discharging cycling. The 

Nyquist plots (Figure S4a, b) were fitted using a typical resistor-capacitor equivalent circuit 

(Figure S4c). The fitted charge transfer resistance (Rct) shows a strong dependence of the 



10 

lithiation/delithiation states (Figure S4d). At deep delithiation states (high potentials vs Li/Li+), 

small Rct (~150 ohm) is achieved due to the greatly reduced Li+ diffusion barrier across the 

homologous HPL-NiFeOF interfaces in the proposed functionally graded materials. Whereas, at 

deep lithiation states (low potentials vs Li/Li+), the Rct slightly increases to ~325 ohm because of 

the insulating phases (LinX, Eq. 1) formation and phase separation. Furthermore, the symmetric 

changes of Rct at different potentials confirms the good reversibility of NiFeOF during the 

lithiation/delithiation cycling. The significant role of HPL in improving the LIBs performance 

can be verified by comparing the Rct of samples (Figure 2d). After cycling, the Rct of HPL-

covered NiFeOF slightly increases to ~210 ohm due to the surface reconstruction. Whereas, the 

bare NiFeOF without HPL coating shows a high Rct of ~330 ohm, owing to the direct parasitic 

reactions between cathode and electrolyte during lithiation/delithiation cycling. A considerably 

increased Rct of ~2500 ohm was observed in the commercially available NiF2-FeF3 powder 

cathodes, indicating a poor performance using traditional "conversion-type" materials. 

Galvanostatic charging/discharging tests at different current densities were performed to 

investigate the rate performance of NiFeOF. The charging/discharging curves under different 

current densities show similar profiles (Figure 3a), showing featureless potential plateau caused 

by the nanomaterials size effects. The high specific capacity of 175 mAh g-1 was obtained at a 

current density of 0.05 A g-1, equal to an outstanding volumetric capacity of 936 Ah L-1. The 

capability retention (Figure 3b) shows a reasonable performance with a 100-fold increase in the 

applied current densities, resulting from the attenuated Li+ diffusion kinetics at high current 

densities. The capacity can be fully recovered when the applied current density switches back to 

0.05 A g-1, showing good capacity retention. To further investigate the electrochemical 

performance of HPL-NiFeOF, the full-cell test was conducted. Firstly, graphite with a specific 
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capacity of 332 mAh g-1 (Figure S5a) was used as an anode in the full-cell. A voltage window of 

0.4-3.7 V was used for the LIBs full-cell electrochemical performance test (Figure S5b), which 

shows a discharge capacity of 156 mAh g-1 and a charge capacity of 119 mAh g-1 for the first 

charge-discharge cycle. A good cyclability for 70 cycles was achieved at the current density of 

0.1 A g-1 (Figure S5c). The temperature-dependent lithiation/delithiation cyclability was also 

performed in a temperature range of -20 oC to 40 oC (Figure 3c). The capacity decreases with 

decreasing the temperature down to 0 oC and -20 oC but with 100% Coulombic efficiency, which 

is not unexpected due to the decremented Li+ diffusion in the electrolyte at low temperatures. 

When elevating the temperature (40 oC), the capacity increases with 100% Coulombic efficiency 

due to the facilitated Li+ diffusion at high temperatures. The capacity would fully recover to its 

initial values when the temperature went back to 20 oC, confirming the excellent thermal stability 

of NiFeOF. Moreover, the LIBs can be cycled for over 100 cycles at each temperature without 

any performance decay, further confirming the good thermal stability of NiFeOF. Long-Term 

cycling of LIBs at room temperature was carried out at a current density of 0.1 A g-1 for over 

1000 cycles (Figure 3d) in order to examine the stability of NiFeOF during lithiation/delithiation 

processes. The capacity gradually decays during the initial cycles and stabilize after the 100th 

cycle, which indicates a surface reconstruction for the protection of NiFeOF. As control 

experiments, the NiFeOF porous cathode without HPL protection (Figure S6a, b) was also 

investigated. As presented in Figure S6c, the Coulombic efficiency of bare NiFeOF without HPL 

for the initial 10 cycles is only 71%, which is much lower than the HPL-NiFeOF (~100%). The 

low Coulombic efficiency results from the quick parasitic reactions between NiFeOF and the 

electrolyte if HPL is not covered on NiFeOF. For NiFeOF covered with HPL, the parasitic 

reactions are suppressed by the separation of NiFeOF from direct contact with the electrolyte. 
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Moreover, the capacity retentions after 1000 cycles for NiFeOF with and without HPL are 88% 

and 66%, respectively, confirming the protective role of HPL in stabilizing NiFeOF. In order to 

investigate the HPL-thickness-dependent cyclability of NiFeOF, the samples were washed by 

acid (0.1 M HCl) before electrochemical tests. The samples covered with thinner HPL show 

capacity retention of about 60% after 500 cycles (Figure S7, note that the acid washing etches 

the HPL and samples nonuniformly, leading to performance decay). Cycling performance of 

NiFeOF cathodes with different Fe-doping contents as shown in Figure S8a, b indicates that an 

optimum LIBs performance can be achieved by Fe-doping in a concentration of 2.5 at% due to 

the optimized electronic structure of NiOF. The NiOF porous cathode without Fe-doping 

displays capacity retention of only 30%, confirming the necessity of Fe-doping in modifying the 

electrochemical performance. According to the computational studies,[37] Fe-doping can improve 

the electrical conductivity and thus reduce charge-transfer resistance of the electrode. The charge 

transfer resistance (Rct) of NiFeOF and NiOF at different lithiation/delithiation states are 

compared in Figure S4d. Larger Rct of NiOF than that of NiFeOF can be found at different 

charge-discharge voltages, experimentally proving that Fe-doping is significantly beneficial for 

reducing the charge transfer resistance. Meanwhile, as shown in Figure S9, the Rct of NiFeOF 

with different Fe concentration are presented. Specifically, the Rct of NiFeOF with 2.5 at% and 5 

at% Fe is obviously lower than that of NiOF and 1.3 at% NiFeOF, which also indicates the 

improved electrical conductivity after Fe-doping. The significantly improved cyclability of HPL-

covered NiFeOF porous cathode can be accessed by comparing it with commercial NiF2 and 

FeF3 powder electrode (Figure S8c-e). The capacity of all powder cathodes drops drastically 

after 100 cycles showing a poor cyclability due to the poor conductivity and parasitic reactions 
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of the materials, verifying the advantages of the additive-free cathode covered with protective 

HPL. 

Ex-situ top-view SEM images (Figure S10) and cross-sectional SEM images with 

corresponding EDX profiles (Figure S11) were collected to analyze the structural and 

compositional changes of NiFeOF covered with HPL during the lithiation/delithiation cycling. 

From the top-view SEM images, the morphology of NiFeOF shows a slight change in the initial 

few cycles (Figure S10), indicating a gradual completion of the structure reconstruction process 

of HPL in order to stabilize the underneath NiFeOF cathode. From the cross-sectional SEM 

images and EDX profiles (Figure 1b and Figure S11) collected after different cycles, the reduced 

ratio of anion and cation in the HPL indicates a compositional reconstruction. The HPL cracks 

into smaller pieces during lithiation/delithiation cycling but still adhere well to the underneath 

NiFeOF porous cathode (Figure 4a-f), indicating good structure stability during the surface 

reconstruction process. As a comparison, the top-view SEM images of the NiFeOF without HPL 

were also performed and shown in Figure S12. It is clearly observed that there are no obvious 

morphology changes of the NiFeOF surface at different cycling stage, meaning that the structure 

reconstruction mechanism can’t be established in NiFeOF without HPL. To further confirm the 

structural evolution mechanism, ex-situ Ni K-edge X-ray absorption spectroscopy (XAS) in total 

electron yield (TEY) mode was collected to analyze the Ni local structure on the surface.[45-46] 

Before cycling, there is one distinguish peak around 8350 eV that is different from Ni foil, and 

the Ni-edge position is slightly higher than Ni foil (Figure 5a). As XAS in TEY mode is surface-

sensitive, this suggests that the surface layer has Ni being oxidized, corresponding to Ni bonded 

with F and possible O, which is also confirmed by extended X-ray absorption fine structure 

(EXAFS). The model-based EXAFS fitting (Figure 5b, Figure S13, Table S2) indicates the 
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existence of NiFx. Since the hard X-ray has deeper penetration depth than soft X-ray and the 

probing depth is determined by the Auger electron penetration range which depends on the 

material density and initial X-ray energy, the Ni XAS, although in TEY mode in our case, still 

gets signals from both surface layer and bulk NiFe alloy film.[47] This is reflected by both 

XANES and EXAFS with a strong contribution from the Ni metal. After 1000th cycling, the 

surface layers have more cracks, which can cause deeper Auger electron penetration depth, 

resulting in more bulk sensitivity for XAS in TEY mode. Therefore, the cycled NiFeOF material 

is almost the same as the Ni foil (Figure 5a). The slight difference is due to the surface Ni-F or 

Ni-O signal, but the model-based EXAFS fitting is hard to distinguish few Ni-F or Ni-O signal 

(Figure 5c), and only obtains local structure dominated by Ni metal. Based on these 

measurements, a structural reconstruction mechanism is schematically illustrated in Figure 4g. 

Besides serving as a chemical barrier layer to resist the direct parasitic reaction between 

"conversion-type" cathode and electrolyte, trapping the dissolved metals from the electrode, the 

proposed HPL also physically protects NiFeOF from collapsing by the volume expansion and 

shrinkage during the conversion reactions. The working mechanism of HPL is therefore 

proposed similar to the car bumper which will be deformed and cracked when the external force 

is applied. 

In summary, a functionally graded "conversion-type" cathode composed of a freestanding 

and additive-free NiFeOF porous film covered with a compact HPL is demonstrated to exhibit a 

significantly improved stability for long-cycle LIBs. The functionally graded HPL-NiFeOF has 

a chemical composition and structure gradient which enables a facilitated Li+ diffusion across the 

interfaces. The compact and F-rich HPL plays dual roles in suppressing the volume change of 

NiFeOF porous film and minimizing the dissolution of transition metals during LIBs cycling by 
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a chemical and structure reconstruction process. Eventually, the functionally graded cathode 

delivers a high specific capacity of 175 mAh g-1 (equal to an outstanding volumetric capacity of 

936 Ah L-1) with a greatly reduced capacity decay rate of 0.012% per cycle for over 1000 cycles. 

The proposed functionally graded cathode also shows a good temperature-dependent 

performance from -20 oC to 40 oC, implying a potential application for LIBs under extreme 

conditions.  
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Figure 1. (a) Cross-sectional SEM image and (b) the corresponding element distribution profiles 

of NiFeOF porous cathode (region "2", yellow dotted frame) covered by HPL (region "1", red 

dotted frame). (c, d) XPS Ni 2p and F 1s peaks of NiFeOF porous cathodes with (upper profiles) 

and without (lower profiles) surface HPL, respectively. (e) The proposed composition 

reconstruction mechanism of HPL in trapping the dissolved transition metal ions and stabilizing 

cathode materials. 
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Figure 2. Electrochemical kinetic analysis of NiFeOF cathode. (a) CV curves for the initial three 

lithiation/delithiation cycles. (b) CV curves measured at different scan rates. (c) Capacitive 

contribution to the overall energy storage of NiFeOF tested at a high scan rate of 2 mV s-1. (d) 

EIS profiles of different control samples. (e, f) GITT profiles and calculated Li+ diffusion 

coefficients (D) for NiFeOF with and without HPL, respectively. 
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Figure 3. Electrochemical LIBs performance of NiFeOF cathode. (a) Galvanostatic 

charging/discharging profiles at different current densities. (b) Rate performance. (c) 

Temperature-dependent cycling performance. (d) Long-term cycling performance at a current 

density of 0.1 A g-1. 
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Figure 4. (a-f) Cross-sectional SEM images after 1st, 2nd, 3rd, 100th, 500th, and 1000th, 

respectively. The scale bars denote 2 µm. (g) Scheme of the proposed structure reconstruction 

mechanism of HPL to suppress the volume change. 
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Figure 5. (a) Ni K-edge X-ray absorption near-edge spectroscopy; model-based EXAFS fitting 

R-space of (b) fresh NiFeOF and (c) cycled NiFeOF. 
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