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a b s t r a c t 

CoFe-Prussian blue analog (CoFe-PBA) template derived porous nanocages comprising hollow (Co,Fe)O 

nanoparticles are introduced as a highly efficient anode for lithium-ion batteries (LIBs) by integrat- 

ing the co-precipitation and nanoscale Kirkendall diffusion processes. This strategic approach employs a 

solution-based facile polydopamine (PDA)-derived carbon coating process to control the oxidation rate of 

nanoparticles during subsequent heat treatment to achieve the hollow structure by the nanoscale Kirk- 

endall diffusion effect. The application of different concentrations of PDA to the nanocages resulted in 

the formation of porous nanocages of three types, such as (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, and 

(Co,Fe)O@PDA-C-200. Notably, (Co,Fe)O@PDA-C-100 porous nanocages exhibit remarkable cycling stability 

by the hollow structured (Co,Fe)O nanoparticles. Additionally, the hollow and porous structures facilitate 

rapid charge species diffusion, efficient electrolyte infiltration, and effective management of volumetric 

changes. When used as anodes for LIBs, the hollow (Co,Fe)O@PDA-C-100 anodes demonstrate impressive 

structural robustness and high-rate performance. They exhibit remarkable structural integrity, demon- 

strating stable cycling performance for up to 300 cycles at 0.5 and 1.0 A g−1 (capacity retentions of 99.3% 

and 97.2%, respectively). In terms of rate capability, the hollow (Co,Fe)O@PDA-C-100 porous nanocages 

exhibit a high discharge capacity of 284 mA h g−1 at 10 A g−1 . Moreover, the practical application po- 

tential of the prepared hollow (Co,Fe)O@PDA-C-100 anode is demonstrated by a full-cell test paired with 

and Li(Ni0.8 Co0.1 Mn0.1 )O2 cathode under the condition of practical application. This clearly highlights the 

structural advantages of the prepared hollow (Co,Fe)O@PDA-C-100 porous nanocages. 

© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Scientists have a keen interest in hollow metal oxide composite 

anostructures that have controlled internal voids and shell thick- 

esses. These structures possess intriguing chemical and physical 

roperties, making them valuable for various applications, such as 

atalysis, drug delivery, and energy storage [ 1 , 2 ]. In recent times,

ultiple techniques have emerged for the fabrication of these 

tructures, including the utilization of nanoscale Kirkendall dif- 
∗ Corresponding author at: Department of Engineering Chemistry, Chungbuk Na- 
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usion effect [ 3 , 4 ], chemical etching [ 5 , 6 ], and template-assisted

ethods [ 7–9 ]. Compared to other methods, the nanoscale Kirk- 

ndall diffusion effect allows for the fabrication of hollow metal 

xide composite nanostructures that are smaller in size and have 

ore uniform shapes. For example, using this technique, hollow 

-Fe2 O3 and Fe3 O4 nanoparticles with diameters less than 15 nm 

nd shell thicknesses of around 4 nm were prepared [ 10 , 11 ]. These

maller and more uniform hollow metal oxide composites can be 

sed as ideal building blocks for lightweight structural composites. 

owever, up until now, these hollow composite nanostructures 

ave only been produced in solvent systems that contain toxic or- 

anic components such as oleyl amine, octadecene, and trimethy- 

amine N-oxide [ 12 , 13 ]. Therefore, it is highly desirable to develop

 simple and practical strategy for the production of well-defined 

ollow composite nanostructures. 
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Rechargeable Li-ion batteries (LIBs) are crucial for portable elec- 

ronic devices, hybrid electric vehicles, and aerospace technology. 

ransition metal (Co,Fe) oxide composites show great potential as 

igh-energy-density materials due to their high theoretical capac- 

ty (10 0 0 mA h g−1 ), non-toxic nature, and low cost [ 14 , 15 ]. How-

ver, their use as an electrode for high-energy-density LIBs has 

een hindered by their low electrical conductivity, significant vol- 

metric changes during cycling, and the intrinsic kinetic limita- 

ions of (Co,Fe) oxides. To address these issues and improve the 

tructural integrity and electrical conductivity of (Co,Fe) oxides, 

everal strategies have been developed: 1) decreasing the particle 

ize of (Co,Fe) oxides to enable fast transport of electrons and ions 

 9 , 16 , 17 ]; 2) fabricating hollow (Co,Fe) oxides to accommodate vol-

me changes during cycling [ 18 , 19 ]; 3) dispersing (Co,Fe) oxides in

 porous structure to facilitate the electrolyte penetration into the 

anostructure [ 20 , 21 ]. These strategies have significantly enhanced 

he electrochemical performance of (Co,Fe) oxides. However, the 

ong-term cycling stability of anodes based on transition metal ox- 

des, especially at higher current densities, remains unsatisfactory. 

CoFe-Prussian blue analogues (PBAs) are a significant type of 

rystalline inorganic-organic hybrids. They are coordinated to rigid 

rganic molecules and can serve as a unique precursor for cre- 

ting porous hollow composite nanostructures ranging from 0- 

o 3-dimensions [ 2 ]. In this particular study, we utilized a co- 

recipitation technique to prepare nanocages made of CoFe-PBAs. 

e then coated these nanocages with polydopamine (PDA) to form 

russian blue analogue derived porous nanocages comprising hol- 

ow (Co,Fe)O nanoparticles (denoted as (Co,Fe)O@PDA-C porous 

anocages), utilizing the nanoscale Kirkendall diffusion effect. The 

DA layer coated on the nanocage inhibits the infinite crystal 

rowth and aggregation of the CoFe nanoparticles during subse- 

uent carbonization heat treatment. Moreover, the PDA-derived 

arbon transfers thermal energy to the CoFe nanocrystals by com- 

usting to CO2 during the oxidation process, affecting the oxidation 

ate of the metallic species by modulating their thermal behavior. 

his plays a key role in the formation of hollow (Co,Fe)O nanopar- 

icles through the nanoscale Kirkendall diffusion effect. Com pared 

o existing methods for creating hollow composites of transi- 

ion metal oxides, our synthesis of hollow (Co,Fe)O@PDA-C porous 

anocages offers several advantages. Firstly, this process does not 

se any toxic organic components such as string acid, making it 

nvironmentally friendly and easily scalable for industrial applica- 

ions. Additionally, this approach facilitates the formation of hollow 

Co,Fe)O nanoparticles through the nanoscale Kirkendall diffusion 

ffect by utilizing a simple solution-based coating method, in con- 

rast to conventional heat treatment processes that require sensi- 

ive and complex control of parameters such as temperature, time, 

nd heating rate. Finally, incorporating empty space into the hol- 

ow (Co,Fe)O@PDA-C nanocage addresses the issue of volumetric 

xpansion, and the anchoring of the hollow (Co,Fe)O nanoparticles 

ithin the PBA-derived porous scaffolds significantly prevents their 

ggregation. This enhancement contributes to the long-term cy- 

ling stability of the composite anode, especially at higher current 

ensities. Consequently, the synthesized hollow (Co,Fe)O@PDA-C 

omposites demonstrate outstanding electrochemical performances 

hat surpass those of most previously reported transition metal ox- 

de nanostructures. 

. Experimental 

.1. Preparation of CoFe-PBA nanocages 

In a standard synthesis method, 0.30 g of cobalt (II) acetate 

etrahydrate (from Sigma Aldrich, purity: 98%, M.W: 249.08) and 

.441 g of trisodium citrate dihydrate (from Sigma Aldrich, purity: 

9%, M.W: 294.10) were dissolved in 60 mL of deionized (DI) wa- 
77
er, forming solution A. Simultaneously, 0.264 g of potassium hex- 

cyanoferrate (III) (from Sigma Aldrich, purity: 99%, M.W: 329.24) 

ere dissolved in another 60 mL of DI water to create solution B. 

ubsequently, solution B was slowly added to solution A while em- 

loying magnetic stirring. Following 5 min of continuous stirring, 

he resulting mixed solution was left to age at room temperature 

or 24 h. The resulting precipitate was gathered via centrifugation, 

ashed sequentially with DI water and ethanol, and then dried at 

0 °C overnight. 

.2. Preparation of (Co,Fe)O@PDA-C nanocages 

The as-prepared CoFe-PBA nanocages (0.1 g) were dispersed in 

00 mL of tris buffer solution (0.01 mol/L, pH: 8.7) to prepare the 

DA-coated CoFe-PBA (denoted as CoFe-PBA@PDA) nanocages. Sub- 

equently, three different concentrations of dopamine hydrochlo- 

ide (Sigma Aldrich, 98%, M.W: 189.64), specifically 20, 100, and 

00 mg, were separately added to the solution and stirred for 

4 h under ambient conditions. Afterward, the CoFe-PBA@PDA 

anocages underwent multiple washes with DI water, were col- 

ected via centrifugation, and then dried in an oven at 60 °C. Fol- 

owing this, the CoFe-PBA@PDA nanocages obtained after drying 

ere placed in a crucible. The carbonization process was car- 

ied out for 3 h at 400 °C under N2 atmosphere and subse- 

uently held at 400 °C for 3 h in an air environment, to produce 

he (Co,Fe)O@PDA-C nanocages, denoted as (Co,Fe)O@PDA-C-20, 

Co,Fe)O@PDA-C-100, and (Co,Fe)O@PDA-C-200 porous nanocages 

or the respective dopamine hydrochloride concentrations. For 

omparison, a sample without PDA coating, referred to as (Co,Fe)O 

anocages was also prepared. In brief, the CoFe-PBA nanocages 

btained after drying were subjected to carbonization followed 

y oxidation under the same identical conditions to obtain the 

Co,Fe)O nanocages. 

.3. Preparation of bare (Co,Fe)O nanocrystals 

Bare (Co,Fe)O nanocrystals were also prepared for comparison. 

o do so, 0.03 mmol/L of cobalt (II) acetate tetrahydrate (Sigma 

ldrich, 98%, M.W: 249.08) and 0.01 mmol/L of iron chloride (III) 

exahydrate (Sigma Aldrich, 99%, M.W: 270.30) were thoroughly 

round using a mortar and pestle. The resulting powder was trans- 

erred to a crucible and subjected to carbonization followed by ox- 

dation under the same identical conditions to achieve the (Co,Fe)O 

anocrystals. 

.4. Electrochemical measurements 

2032-type coin cells were assembled in an Ar-filled glove box 

t room temperature (26 °C) to evaluate the performance of 

he composite porous nanocages in LIBs. The working electrodes 

ere prepared using a slurry casting method by homogeneously 

ispersing the active material, conductive carbon (Super-P), and 

odium carboxymethyl cellulose as a binder in distilled water at 

 weight ratio of 7:2:1. They were then deposited onto Cu sub- 

trates and dried overnight at 60 °C in a hot air oven. Lithium 

etal served as both the reference and counter electrode. Circu- 

ar electrodes ( φ = 14 mm) with an average active material mass 

oading of ∼1 mg cm−2 were prepared and transferred into the 

love box. Microporous polypropylene films (Celgard® 2400) were 

sed as separators. The electrolyte, consisting of 1 mol/L LiPF6 

issolved in a mixture of fluoroethylene carbonate and dimethyl 

arbonate with a 1:1 volume ratio, was prepared. To evaluate 

he full-cell performance, the cathodes were prepared by casting 

 slurry of Li(Ni0.8 Co0.1 Mn0.1 )O2 (NCM811) powder, Super-P, and 

oly(vinylidene fluoride) at a weight ratio of 8:1:1 in 1-methyl- 

-pyrrolidinone (NMP) solvent onto an Al current collector. The 
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Scheme 1. Pictorial illustration for synthesizing (Co,Fe)O, (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, and (Co,Fe)O@PDA-C-200 porous nanocages using co-precipitation tech- 

nique followed by Kirkendall-type diffusion. 
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lectrochemical performance of anodes was assessed using cyclic 

oltammetry (CV), charge-discharge, electrochemical impedance 

pectroscopy (EIS), and galvanostatic intermittent titration tech- 

ique (GITT) analysis. CV analysis was conducted at a scan rate 

f 0.1 mV s−1 . Charge-discharge tests were performed at various 

urrent densities ranging from 0.1 A g−1 to 10.0 A g−1 using a 

BCS30 0 0 (WonATech) cycler. The voltage window for all elec- 

rochemical tests was set at 0.001–3.0 V. EIS (ZIVE SP1) measure- 

ents were carried out in the frequency range of 0.01–100 kHz 

sing a signal amplitude of 10 mV. GITT analysis was performed 

t a constant current density of 0.1 A g–1 for 20 min followed by 

elaxation for 2 h. The electrochemical properties of the full-cell, 

aired with a (Co,Fe)O@PDA-C-100 anode and an NCM811 cathode, 

ere evaluated at various current densities ranging from 0.1 C to 

.0 C (1.0 C = 180 mA g−1 ) over the voltage range of 0.5–4.2 V,

ith the NP ratio fixed at ∼1.2. 

. Results and discussion 

The (Co,Fe)O@PDA-C porous nanocages were synthesized 

hrough a straightforward two-step process ( Scheme 1 ). In the first 

tep, the CoFe-PBA nanocages were prepared by co-precipitation of 

obalt (II) acetate tetrahydrate and trisodium citrate dihydrate with 

otassium hexacyanoferrate under ambient conditions (Scheme 

(a)). During this process, citrate ions served a dual role: control- 

ing the release of Co2 + from Co-citrate complexes and acting as a 

irecting agent to facilitate the formation of CoFe-PBA nanocages. 

n the second step, PDA coating layers were applied to the CoFe- 

BA nanocages using a solution-based coating method. The result- 

ng samples, labeled CoFe-PBA@PDA-20, CoFe-PBA@PDA-100, and 

oFe-PBA@PDA-200, were coated with varying amounts of PDA be- 

ore undergoing the Kirkendall diffusion effect. These labels repre- 

ent the specific quantities of PDA applied to the CoFe-PBA tem- 

late (e.g., PDA-20 indicates that 20 mg of PDA was used). In the 

rst stage of the post-pyrolysis treatment, CoFe-PBA@PDA pow- 

ers were transformed into PDA derived carbon coated nanocages 

ontaining metallic CoFe nanoparticles, denoted as (Co,Fe)@PDA-C, 

hrough carbonization in an N2 atmosphere at 400 °C for 3 h. Dur- 

ng this process, the PDA coating layer was converted into a car- 

on layer on the nanocage surface, while simultaneously, metal- 
78
ic CoFe nanoparticles were formed within the CoFe-PBA nanocage 

hrough carbothermic reduction. Moreover, the PDA-derived car- 

on inhibited the excessive crystal growth and agglomeration of 

etallic CoFe nanocrystals, resulting in (Co,Fe)@PDA-C compos- 

te nanocages containing nanoscale metallic CoFe nanoparticles 

niformly distributed within carbon nanocages (Scheme 1(b)). In 

he second stage of the post-pyrolysis process, the (Co,Fe)@PDA- 

 composite nanocages were oxidized at 400 °C for 3 h, leading 

o the formation of (Co,Fe)O@PDA-C porous nanocage with hol- 

ow (Co,Fe)O nanoparticles via the Kirkendall diffusion mechanism 

Scheme 1(c)). During this process, the PDA-derived carbon layer 

erved as a heat source through combustion, facilitating an inti- 

ate reaction between the metallic CoFe nanocrystals and oxy- 

en gas, thus effectively promoting the Kirkendall diffusion effect. 

he Kirkendall diffusion effect involves the movement of an in- 

erface between two elements due to differences in their diffu- 

ion rates. In this case, the Kirkendall diffusion effect occurred 

etween the metallic CoFe and oxygen element played a critical 

ole in forming the hollow (Co,Fe)O nanoparticles during the oxi- 

ation process (Scheme S1- 1 © in Supplementary Information). Ini- 

ially, a thin layer of (Co,Fe)O is formed on the surface of the 

oFe nanoparticles, establishing a boundary between the metal- 

ic CoFe core and the (Co,Fe)O shell. As the oxidation proceeded, 

he outward diffusion of Co/Fe cations (Co2 + = 72 pm, Co3 + = 60 

m, Fe2 + = 76 pm, Fe3 + = 64 pm) was favored over the inward 

iffusion of oxygen gas (O2– = 140 pm) due to their relatively 

maller ionic radius and faster diffusion rates. Furthermore, Co 

ations diffused slightly faster than Fe cations due to the smaller 

onic radius, resulting in cobalt oxide being located predominantly 

n the surface of the (Co,Fe)O shell (Scheme S1- 2 ©). This dispar- 

ty in diffusion rates ultimately led to the formation of Kirkendall 

oids at the interface between the metallic CoFe nanocrystals and 

he surrounding (Co,Fe)O shell, contributing to the aggregating of 

ores within the nanocage structure (Scheme S1- 3 ©). Consequently, 

his Kirkendall diffusion process enabled the complete conversion 

f metallic CoFe nanocrystals into hollow (Co,Fe)O nanoparticles 

onstructed by Fe3 O4 and Co3 O4 nanoparticles inside and on the 

urface of the shell (Scheme S1- 4 ©). During the oxidation pro- 

ess, the PDA-derived carbon was entirely combusted, yielding hol- 

ow (Co,Fe)O@PDA-C porous nanocages. The PDA-derived carbon 
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layed a crucial role in forming hollow (Co,Fe)O nanoparticles dur- 

ng the synthesis of (Co,Fe)O@PDA-C porous nanocages. By com- 

usting to CO2 during oxidation, the PDA-derived carbon trans- 

erred thermal energy to the CoFe nanocrystals, thus influencing 

he oxidation rate of the metallic species. For instance, in the case 

f CoFe@PDA-C-20 nanocages, the small amount of PDA-derived 

arbon burned off rapidly during oxidation, providing relatively 

imited thermal energy to the metallic species, which resulted 

n shorter interaction times between the CoFe nanocrystals and 

xygen. Consequently, (Co,Fe)O@PDA-C-20 porous nanocages con- 

aining smaller-sized (Co,Fe)O nanoparticles without hollow struc- 

ures were formed. In contrast, the abundant PDA-derived carbon 

n (Co,Fe)@PDA-C-200 nanocages led to a more intense combus- 

ion reaction, prolonging the interaction time between the CoFe 

anocrystals and oxygen. During the extended process, overgrown 

Co,Fe)O crystals with denser and larger structures formed within 

he (Co,Fe)O@PDA-C-200 porous nanocages. The optimized PDA 

ontent in the (Co,Fe)@PDA-C-100 nanocages provided an ideal 

hermal balance, which ensured sufficient control over the oxida- 

ion rate while allowing the Kirkendall diffusion effect to effec- 

ively yield well-defined hollow (Co,Fe)O nanoparticles. In sum- 

ary, (Co,Fe)O@PDA-C-100 porous nanocages, featuring hollow 

Co,Fe)O nanoparticles, were successfully synthesized by optimiz- 

ng the oxidation rate of Co/Fe nanocrystals through careful control 

f the PDA-derived carbon content. The hollow structure is antici- 

ated to effectively accommodate the volumetric stress of (Co,Fe)O 

anoparticles during lithiation/delithiation, while also enhancing 

he wettability of the electrolyte within the porous nanocage, 

hereby facilitating the diffusion of charged species through the 

anostructures. 

A comprehensive analysis of the morphology and crystallog- 

aphy of the prepared nanocages was conducted following each 

ynthesis step to elucidate their formation mechanism. Fig. S1 in 

upplementary Information illustrates the microstructure and X- 

ay diffraction (XRD) pattern of the CoFe-PBA nanocages obtained 

hrough the co-precipitation process. The field emission scan- 

ing electron microscopy (FE-SEM) image (Fig. S1(a)) demonstrates 

ell-dispersed and non-agglomerated nanocages with an average 

iameter of approximately 600 nm. Furthermore, the rough sur- 

ace of the nanocage structure (Fig. S1(b)) strongly suggests the 

uccessful formation of CoFe-PBA, indicating that the synthesized 

anocages possess a porous structure with a uniform size dis- 

ribution. This supports the conclusion that the co-precipitation 

rocess under ambient conditions effectively yields well-formed 

anocages. A more detailed examination of the internal structure 

s provided by the transmission electron microscopy (TEM) image 

Fig. S1(c)), which reveals the porous nature of the internal struc- 

ure of the CoFe-PBA nanocages. The contrast variations in the TEM 

mage highlight the presence of both dense regions and voids, fur- 

her confirming the porous characteristics that were initially sug- 

ested by the FE-SEM images. The XRD pattern (Fig. S1(d)) displays 

harp diffraction peaks corresponding to the crystalline phase of 

oFe-PBA. In addition, a broad diffraction peak at 2 θ = 19.6 ° was 

etected, indicating the presence of an amorphous phase within 

he material. This coexistence of both crystalline and amorphous 

hases suggests a complex internal structure, which likely con- 

ributes to the porosity observed in the nanocages. The elemental 

apping images (Fig. S1(e)) further confirm the elemental compo- 

ition of the CoFe-PBA nanocages, demonstrating the uniform dis- 

ribution of Fe, Co, C, and N elements throughout the structure. 

his uniform elemental distribution, combined with the structural 

nalyses, highlights the effectiveness of the synthesis approach in 

roducing nanocages with a well-defined porous morphology and 

omogeneous composition. 

The characterization results of CoFe-PBA@PDA-100 nanocages 

oated with 100 mg of PDA on CoFe-PBA and (CoFe)@PDA-C-100 
79
anocages obtained after the carbonization process of these struc- 

ures prior to inducing the Kirkendall diffusion effect are shown 

n Fig. 1 . The FE-SEM image of CoFe-PBA@PDA-100 nanocages (Fig. 

(a)) prepared using a solution-based coating method exhibits a 

istinct nanocage morphology with average size of approximately 

20 nm, slightly enlarging due to the PDA coating. The inset 

E-SEM image in Fig. 1 (a) reveals the smooth surface of CoFe- 

BA@PDA-100 due to the uniform coating of PDA across the CoFe- 

BA template. Subsequently, FE-SEM image of the (Co,Fe)@PDA- 

-100 nanocages ( Fig. 1 (b)) obtained by carbonization of CoFe- 

BA@PDA-100 in an inert atmosphere at 400 °C for 3 h exhibits 

dentical morphology with similar size even after heating process, 

hile the major difference is observed at an increase in surface 

oughness due to the formation of transition metal nanocrystals 

aused by the carbothermic reduction during heat treatment. Ad- 

itionally, TEM images ( Fig. 1 (c, d)) reveal metallic CoFe nanopar- 

icles with an average size of 10 nm embedded within nanocages 

niformly coated by a PDA-derived carbon layer with a thickness 

f approximately 13 nm. The carbonaceous materials including the 

DA-C coating layer and organic group in the PBA effectively sup- 

ress the overgrowth of nanocrystals, resulting in a dispersion of 

ltrafine nanocrystals within the nanocage. Furthermore, the high- 

esolution TEM (HR-TEM) image ( Fig. 1 (e)) shows a lattice spacing 

f 0.20 nm corresponding to the CoFe (110) plane, which aligns 

ith the XRD pattern results in Fig. 1 (f), further confirming the 

ormation of CoFe nanocrystals. The elemental mapping images 

 Fig. 1 (g)) demonstrate the uniform distribution of Co, Fe, C, and 

 within the (Co,Fe)@PDA-C-100 porous nanocages. 

To apply the nanoscale Kirkendall diffusion mechanism, the 

orous nanocages underwent an oxidation process at 400 °C in an 

ir atmosphere. The phase transformations occurring during oxida- 

ion influenced by varying concentrations of PDA ((Co,Fe)O@PDA-C- 

0 0, (Co,Fe)O@PDA-C-10 0, (Co,Fe)O@PDA-C-20, and (Co,Fe)O were 

nvestigated using XRD analysis, as shown in Fig. S2(a–d). In the 

RD pattern of (Co,Fe)O without PDA-derived carbon (Fig. S2(a)), 

road peaks corresponding to the Co3 O4 and Fe3 O4 phases were 

bserved at 2 θ = 36 °, indicating a relatively low degree of crys- 

allinity. However, as the PDA content increased, the diffraction 

eaks gradually merged into an asymmetric single peak, as shown 

n Fig. S2(b–d). This merging suggests an increase in the crys- 

allinity of Co3 O4 nanoparticles in close proximity to the PDA- 

erived carbon. This phenomenon can be attributed to the com- 

ustion of the PDA-derived carbon layer, which supplied prolonged 

hermal energy to the Co3 O4 nanocrystals, thereby enhancing their 

rystallinity under identical heat treatment conditions. Addition- 

lly, peaks corresponding to K-species originating from the CoFe- 

BA precursor were observed in the XRD results. These K-species 

ould be remnants from the initial synthesis and reflect their in- 

omplete removal during the process. The presence of K-species 

ould potentially influence the phase stability and morphology of 

he resulting composite structure. The findings from the XRD anal- 

sis indicate that the presence of PDA-derived carbon plays a sig- 

ificant role in modulating the crystallinity and phase develop- 

ent of the (Co,Fe)O nanoparticles, ultimately impacting the struc- 

ural and functional properties of the final composite materials. 

The morphological changes of (Co,Fe)O@PDA-C-20, 

Co,Fe)O@PDA-C-100, and (Co,Fe)O@PDA-C-200 porous nanocages 

btained after the oxidation process are presented in Fig. S3, 

ig. 2 , and Fig. S4, respectively. Notably, the characterization of 

Co,Fe)O@PDA-C-100 porous nanocages obtained by combustion 

f optimized PDA-C are shown in Fig. 2 . The low-magnification 

E-SEM images of the (Co,Fe)O@PDA-C-100 nanocages ( Fig. 2 (a)) 

emonstrate the nanocage morphology with an average diam- 

ter to approximately 550 nm without aggregation even after 

econdary heat treatment. Additionally, the high-magnification 

E-SEM image ( Fig. 2 (b)) further illustrates that the oxidation 
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Fig. 1. (a) FE-SEM images of CoFe-PBA@PDA-100 nanocage, and morphologies, XRD pattern, and elemental mapping images of the (Co,Fe)@PDA-C-100 nanocages obtained 

after the carbonization at 400 °C for 3 h under N2 atmosphere: (b) FE-SEM image, (c, d) TEM images, (e) HR-TEM image, (f) XRD pattern, and (g) elemental mapping images. 
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rocess has substantially influenced both the internal and external 

urfaces of the porous nanocages, resulting in morphological mod- 

fications. These FE-SEM observations are corroborated by TEM 

mages shown in Fig. 2 (c–e). The TEM image ( Fig. 2 (c)) reveals

nward shrinkage resulting in the formation of a porous nanocage 

tructure, attributed to the combustion of carbonaceous materials, 

ncluding the organic ligand of PBA and PDA-derived carbon layer. 

he formation of hollow (Co,Fe)O nanoparticles within these 

orous nanocages through the Kirkendall diffusion effect is clearly 

epicted in Fig. 2 (d), where multiple pores are visible within the 

anocage structure. Furthermore, HR-TEM image ( Fig. 2 (e)) reveals 

he distribution of Co3 O4 and Fe3 O4 nanocrystals with an average 

ize of 7 nm within the hollow (Co,Fe)O nanoparticles with an 

verage size of 25 nm. Electron energy loss spectroscopy (EELS) 

apping images ( Fig. 2 (e)) indicate a high concentration of Co 

lement distributed along the surface of the hollow (Co,Fe)O shell, 

hile Fe element is distributed predominantly in the inner part 

f the shell. This distribution is a result of the faster diffusion 

ate of Co cations, which have a relatively smaller ionic radius 

ompared to Fe cations, during the oxidation process. Accordingly, 

he lattice spacing of 0.24 and 0.47 nm corresponding to the Fe3 O4 

222) and Co3 O4 (111) planes are observed inside and on the 

urface of the hollow (Co,Fe)O shell, respectively. Supporting these 
80
bservations, the selected area electron diffraction (SAED) pattern 

 Fig. 2 (f)) exhibits well-resolved diffraction rings corresponding to 

he crystal lattices of Fe3 O4 and Co3 O4 . Additionally, the scanning 

ransmission electron microscopy (STEM) images, EELS mapping, 

nd EELS spectra of a single nanocrystal comprising the shell are 

hown in Fig. 2 (g, h). The STEM images obtained with the ( 11̄ 1 )

one axis reveal the typical cubic crystal structure with the Fd ̄3 m 

pace group corresponding to both Fe3 O4 and Co3 O4 . EELS map- 

ing images of the nanocrystal further demonstrate the separation 

f the Fe3 O4 and Co3 O4 phases. The EELS spectra of the regions 

arked by green and red circles indicate Co L2 , L3 (green circle) 

nd Fe L2 , L3 (red circle) peaks indicating the Co2 + /Co3 + and 

e2 + /Fe3 + oxidation states in the Co3 O4 and Fe3 O4 crystal phases, 

espectively. Additionally, the Raman spectrum of the hollow 

Co,Fe)O@PDA-C-100 porous nanocages ( Fig. 2 (i)) displays distinct 

eaks at 179, 281, 467, 518, and 668 cm–1 , which are characteristic 

f Co/Fe-O bonding [ 22 , 23 ]. Elemental mapping results in Fig. 2 (j)

llustrate the uniform distribution of Fe, Co, and O throughout the 

Co,Fe)O@PDA-C-100 porous nanocage, with no observable carbon 

emaining. These results are consistent with the elemental analysis 

EA) results in Table S1 in Supplementary Information, where 

egligible carbon content of approximately 0.9 wt.% was detected. 

his indicates that the PDA-derived carbon was fully combusted to 
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Fig. 2. Morphologies, EELS mapping images, STEM image, EELS spectra, Raman analysis, and elemental mapping images of the (Co,Fe)O@PDA-C-100 porous nanocages 

obtained after the carbonization followed by oxidation at 400 °C for 3 h: (a, b) FE-SEM images, (c, d) TEM images, (e) HR-TEM and EELS mapping images, (f) SAED pattern, 

(g) STEM and EELS mapping images, (h) EELS spectra, (i) Raman analysis, and (j) elemental mapping images. 
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O2 , playing a sacrificial role in facilitating the Kirkendall diffusion 

ffect. Moreover, to estimate the quantitative ratio of the crystal 

hases in the (Co,Fe)O@PDA-C-100 porous nanocage, TEM-energy- 

ispersive X-ray spectroscopy (TEM-EDS) and inductively coupled 

lasma optical emission spectroscopy (ICP-OES) analysis were 

erformed (Fig. S5). Qualitative analysis of the nanostructure by 

EM-EDS revealed the C, O, Fe, and Co elements, and residual K 

lement originating from potassium hexacyanoferrate (III) used in 

he preparation of the Prussian blue analogue was also identified 
81
Fig. S5(a)). This is in line with the XRD results indicating Co3 O4 , 

e3 O4 , and Kx O phases of (Co,Fe)O@PDA-C-100 porous nanocage 

Fig. S2). Furthermore, the specific contents of Co, Fe, and K 

lements in (Co,Fe)O@PDA-C-100 porous nanocage were quantified 

s 62, 36, and 2 wt.% (100 wt.% equivalent; Fig. S5(b)) by ICP-OES 

nalysis. The atomic ratio of Co and Fe elements based on the 

esults was 3.2:2.0, which matches well with the molar ratio of 

o and Fe-salts in the prepared co-precipitation solution. Based 

n the elemental analysis and ICP-OES results (Table S1 and Fig. 
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5(b)), the estimated contents of Co3 O4 , Fe3 O4 , Kx O, and other 

esidual organic elements in (Co,Fe)O@PDA-C-100 porous nanocage 

ere 61, 36, 1, and 2 wt.%, respectively. 

For a more comprehensive comparison, the morphological de- 

ails of the (Co,Fe)O@PDA-C-20 and (Co,Fe)O@PDA-C-200 porous 

anocages synthesized using the same methodology as the 

Co,Fe)O@PDA-C-100 are presented in Figs. S3 and S4. The low- 

nd high-magnification FE-SEM images of (Co,Fe)O@PDA-C-20 and 

Co,Fe)O@PDA-C-200 nanocages (Figs. S3(a, b) and S4(a, b)) reveal 

niform nanocage structures with an average size of approximately 

50 nm, consistent with the size of (Co,Fe)O@PDA-C-100 ( Fig. 2 (a, 

)). The TEM images of the (Co,Fe)O@PDA-C-20 and (Co,Fe)O@PDA- 

-200 nanocages (Figs. S3(c) and S4(c)) also exhibit a porous 

tructure similar to that of the (Co,Fe)O@PDA-C-100 nanocages 

 Fig. 2 (c)). However, the TEM image of the (Co,Fe)O@PDA-C-20 

orous nanocages (Fig. S3(d)) formed by combusting a smaller 

mount of PDA-derived carbon exhibits smaller (Co,Fe)O nanopar- 

icles with an average size of approximately 6 nm and lacks a 

ollow structure. In contrast, the TEM image of (Co,Fe)O@PDA- 

-200 porous nanocages (Fig. S4(d)) synthesized by burning a 

arger quantity of PDA-derived carbon demonstrates the presence 

f larger and denser (Co,Fe)O nanoparticles with an average size 

f approximately 20 nm. These observations indicate that the de- 

ree of oxidation in the nanocages is dependent on the con- 

ent of carbonaceous materials. Notably, as the content of car- 

on increased, the more intense combustion reaction provided ad- 

itional thermal energy to the metallic species, thereby promot- 

ng the growth of (Co,Fe)O crystals. Furthermore, the elemental 

apping images of (Co,Fe)O@PDA-C-20 and (Co,Fe)O@PDA-C-200 

orous nanocages (Figs. S3(e) and S4(e)) confirm the absence of 

arbon within the nanocages, while showing uniform distribution 

f Fe, Co, and O elements throughout the structures. This obser- 

ation is in line with the elemental mapping images of the re- 

pective nanocages, and is further supported by the EA results 

Table S1), which indicate negligible carbon content of approxi- 

ately 1.1 and 0.7 wt.% for (Co,Fe)O@PDA-C-20 and (Co,Fe)O@PDA- 

-200 nanocages, respectively. Additionally, the Raman spectra of 

he (Co,Fe)O@PDA-C-20 and (Co,Fe)O@PDA-C-200 nanocages (Fig. 

6(a, b)) show peaks associated with Co/Fe-O bonds, which fur- 

her support phase identification. These peaks are consistent with 

hose observed for the hollow (Co,Fe)O@PDA-C-100 composite 

anocages ( Fig. 2 (i)) [ 22 , 23 ], reinforcing the similarity in struc-

ural characteristics among the samples. The pore properties of the 

anocages with different structural features based on controlling 

he PDA content were evaluated through N2 adsorption-desorption 

sotherms and BJH pore size distribution as shown in Fig. S7. 

he (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, and (Co,Fe)O@PDA- 

-200 porous nanocages all exhibit similar isotherms, suggesting 

he mesoporous characteristics based on the CoFe-PBA template. 

dditionally, the BET specific surface areas of (Co,Fe)O@PDA-C-20, 

Co,Fe)O@PDA-C-100, and (Co,Fe)O@PDA-C-200 porous nanocages 

ecorded at 28.3, 44.1, and 46.7 m2 g–1 , respectively (Fig. S7(a, c, 

)). Notably, the specific surface area of the hollow (Co,Fe)O@PDA- 

-100 porous nanocages increased significantly to 44.1 m2 g–1 

ompared to the (Co,Fe)O@PDA-C-20 (28.3 m2 g–1 ), strongly sup- 

orting the formation of hollow (Co,Fe)O nanoparticles through the 

irkendall diffusion effect. In the case of (Co,Fe)O@PDA-C-200, it 

howed a slightly higher specific surface area (46.7 m2 g–1 ) than 

he (Co,Fe)O@PDA-C-100 porous nanocage. This is due to the in- 

ense combustion reaction between CoFe nanocrystals and oxygen, 

hich resulted in the formation of larger (Co,Fe)O particles and en- 

arged interparticle voids. This trend is further evidenced by the 

ncreased average pore diameters in the BJH pore size distribution 

s 12.6, 15.9, and 17.8 nm, respectively (Fig. S7(b, d, f)). 

The chemical environments and bonding states of various el- 

ments in the hollow (Co,Fe)O@PDA-C-100 porous nanocages ob- 
fi

82
ained by optimization of synthesis conditions were characterized 

y XPS analysis. The XPS survey spectrum depicted in Fig. S8 re- 

ealed evident photoelectron signals related to Co 2 p , Fe 2 p , O 1 s ,

 2 p , and C 1 s [ 24 , 25 ]. The Co 2 p spectrum displayed in Fig. 3 (a)

xhibited well-defined peaks corresponding to the Co 2 p3/2 and 

o 2 p1/2 orbitals, along with two shake-up satellite peaks marked 

s "Sat". The deconvoluted spectrum showcased distinct peaks at 

inding energies of 781.9 eV (Co 2 p3/2 ) and 796.5 eV (Co 2 p1/2 ),

ttributed to the presence of Co2 + species within the Co3 O4 struc- 

ure [ 26 , 27 ]. Additional peaks at binding energies of 779.6 eV (Co

 p3/2 ) and 794.7 eV (Co 2 p1/2 ) were assigned to the Co3 + species 

n the porous nanocages [ 28 ]. Furthermore, two shake-up satellite 

eaks corresponding to the Co 2 p signal indicated the presence of 

nti-bonding orbitals between the Co and O atoms [ 29 ]. Similarly, 

he Fe 2 p spectrum illustrated in Fig. 3 (b) displayed distinct peaks 

orresponding to the Fe 2 p3/2 and Fe 2 p1/2 orbitals, along with two 

hake-up satellite peaks marked as "Sat". The deconvoluted spec- 

rum revealed well-defined peaks at binding energies of 711.8 eV 

Fe 2 p3/2 ) and 725.4 eV (Fe 2 p1/2 ), assigned to the Fe2 + species 

ithin the Fe3 O4 nanocrystals [ 30 , 31 ]. Additional peaks at bind- 

ng energies of 709.5 eV (Fe 2 p3/2 ) and 723.3 eV (Fe 2 p1/2 ) were

ttributed to the Fe3 + species occurring in the porous nanocages 

 32 , 33 ]. Furthermore, two shake-up satellite peaks within the Fe 

 p signal indicated the presence of anti-bonding orbitals between 

he Fe and O atoms [ 34 , 35 ]. Additionally, the high-resolution O 1 s

pectrum ( Fig. 3 (c)) could be fitted into three peaks at binding en- 

rgies of 528.6, 529.8, and 530.7 eV corresponding to Co–O/Fe–O, 

–O/C = O, and C–OH bonds, respectively [ 7 ]. The high-resolution C 

 s spectrum depicted in Fig. 3 (d) exhibits three peaks of low in-

ensity at binding energies of 284.1, 285.4, and 288.4 eV, corre- 

ponding to C = C, C–N/C–C, and C–O bonds, respectively [ 29 , 36 ].

he C = C peak indicates that graphitic carbon had been generated 

ue to the graphitization catalytic effect of CoFe nanocrystals dur- 

ng the carbonization process [ 37 ]. Additionally, the C–N peak orig- 

nating from the conversion of PDA and –C ≡N– groups in PBA 

o the N-doped C is confirmed [ 29 , 38 ]. However, the weak signal

f the peaks demonstrates the combustion of most of the carbon 

pecies during the oxidation process. Aside from the C 1 s signals, 

wo strong peaks at higher binding energies ( > 290 eV) correspond 

o K 2 p3/2 and K 2 p1/2 , indicating the presence of residual K-species 

erived from CoFe-PBA [ 39 ]. 

To demonstrate the structural and electrochemical advantages 

f the porous nanocages prepared by controlling the carbon coat- 

ng on PBA templates, PDA-C-free (Co,Fe)O nanocages and Co/Fe- 

alts derived bare (Co,Fe)O nanocrystals were synthesized using an 

dentical two-step heat treatment, and their morphological analy- 

is are presented in Fig. S9. The morphological characteristics of 

he PDA-C-free (Co,Fe)O nanocages obtained through direct two- 

tep heat treatments of CoFe-PBA templates are illustrated in Fig. 

9(a–c). The FE-SEM images of the (Co,Fe)O nanocages (Fig. S9(a, 

)) exhibit well-defined and non-agglomerated structures with an 

verage size of approximately 550 nm. This morphology is com- 

arable to that of the other porous nanocages ((Co,Fe)O@PDA- 

-20, (Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA-C-200) synthesized us- 

ng PDA-coated CoFe-PBA templates. In contrast to these porous 

anocages with more crystallized nanoparticles due to oxidation 

acilitated by the combustion of PDA-derived carbon, the PDA-C- 

ree (Co,Fe)O nanocages contain ultrafine (Co,Fe)O nanoparticles 

ith an average width of 5 nm, as evidenced by the TEM image 

Fig. S9(c)). This is further supported by the XRD pattern in Fig. S2, 

here the broad peaks of the PDA-C-free (Co,Fe)O nanocages indi- 

ate low crystallinity corresponding to Co3 O4 and Fe3 O4 phases. 

lemental mapping images (Fig. S9(d)) demonstrate the uniform 

istribution of Fe, Co, and O throughout the nanocages derived 

rom CoFe-PBA, confirming the consistent dispersion of the ultra- 

ne (Co,Fe)O nanoparticles within the nanostructure. On the other 
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Fig. 3. Core level XPS spectra of (Co,Fe)O@PDA-C-100 porous nanocages: (a) Co 2 p , (b) Fe 2 p , (c) O 1 s , and (d) K 2 p & C 1 s . 
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and, bare (Co,Fe)O crystals synthesized by physical grinding and 

eat treatments of the metal precursors display irregular sizes and 

ignificant agglomeration of metal oxide particles, as shown in Fig. 

9(e, f). This agglomeration is attributed to the absence of an or- 

anic scaffold from the CoFe-PBA preventing particle growth dur- 

ng heating. Furthermore, the XRD pattern in Fig. S9(g) reveals 

iffraction peaks predominantly associated with Co3 O4 and Fe3 O4 

hases, with no detectable peaks corresponding to K-species from 

he CoFe-PBA, indicating the purity of the synthesized metal ox- 

des. 

The electrochemical characteristics of the hollow 

Co,Fe)O@PDA-C-100 porous nanocages serving as anodes for LIBs 

re compared with those of (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C- 

00, (Co,Fe)O nanocages, and bare (Co,Fe)O nanocrystals ( Fig. 4 ). 

he CV plots for the initial five cycles of these electrodes are 

hown in Figs. 4 (a) and S10(a–d), obtained with a scan rate 

f 0.1 mV s–1 within a voltage range of 0.001 to 3.0 V. In the

nitial cathodic sweep, the hollow (Co,Fe)O@PDA-C-100 porous 

anocages exhibit a sharp reduction peak at approximately 0.62 

 indicating the formation of a solid electrolyte interface (SEI) 

n the surfaces and interfaces of the electrode, as well as the 

onversion reaction between Co3 O4 /Fe3 O4 and Li+ leading to 

he formation of metallic Co/Fe and Li2 O [ 40–42 ]. Similarly, the 

Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-200, (Co,Fe)O nanocages, and 

are (Co,Fe)O nanocrystals display reduction peaks at around 0.61 

 during the initial cathodic sweep, attributed to the identical 

eaction. These sharp reduction peaks in the CV curves correspond 
83
o the dominant voltage plateaus observed at approximately 0.6 

 in the initial discharge curves for all anodes ( Fig. 4 (b)). From

he second cycle onwards, broad cathodic peaks appear at ap- 

roximately 1.52 and 0.81 V in all samples—(Co,Fe)O@PDA-C-20, 

Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA-C-200, (Co,Fe)O nanocages, 

nd bare (Co,Fe)O nanocrystals ( Figs. 4 (a) and S10(a–d)). These 

road peaks are associated with the Li+ insertion into Co3 O4 /Fe3 O4 

nd the continued conversion reaction between Lix Co3 O4 /Lix Fe3 O4 

nd Li+ , leading to the formation of metallic Co/Fe and Li2 O 

 42–44 ]. During the anodic sweep, oxidation peaks are observed 

t approximately 1.1, 1.6, and 2.1 V in the (Co,Fe)O@PDA-C-20, 

Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA-C-200, (Co,Fe) nanocages, 

nd bare (Co,Fe)O nanocrystals, respectively. These peaks are 

ttributed to the oxidation of metallic Co/Fe to Co3 O4 /Fe3 O4 and 

he decomposition of Li2 O [ 40–44 ]. Moreover, the strong overlap 

f the CV profiles from the second cycle onwards in the hollow 

Co,Fe)O@PDA-C-100 porous nanocages obtained by nanoscale 

irkendall diffusion indicates reversible reactions, contributing to 

uperior cycling stability. Additionally, to further investigate the 

i-ion storage mechanism for the (Co,Fe)O@PDA-C-100 anodes, in- 

itu XRD analysis for the anode in the initial cycle was performed 

Fig. S11). During the in-situ XRD analysis, the (Co,Fe)O@PDA-C- 

00 anode was slowly cycled at a current density of 0.1 A g–1 

n a voltage range from 0.001 to 3.0 V. The XRD pattern of the 

Co,Fe)O@PDA-C-100 anode in the initial step revealed two major 

iffraction peaks corresponding to the (220) and (311) planes of 

o3 O4 and Fe3 O4 at approximately 30.6 ° and 36.3 °, respectively. 
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Fig. 4. Electrochemical properties of (Co,Fe)O@PDA-C-100, (Co,Fe)O porous nanocages, and bare (Co,Fe)O nanocrystals for Li-ion storage: (a) CV curves of (Co,Fe)O@PDA-C- 

100 porous nanocages, (b) initial discharge/charge curves at a constant current density of 0.1 A g−1 , cycle performances at current density of (c) 0.5 A g−1 , and (d) 1.0 A g−1 , 

and (e) rate performances. 
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uring the discharge process reaching at 1.0 V, the two diffraction 

eaks gradually shifted to a lower angle, suggesting the formation 

f Lix Co3 O4 and Lix Fe3 O4 intermediates by the reaction of Co3 O4 

nd Fe3 O4 with Li [ 42–44 ]. When discharged to 0.001 V after a 

oltage plateau of 0.9 V, the two diffraction peaks disappeared, 

nd a peak corresponding to Li2 O appeared at 33.5 °. This in- 

icates that the conversion-based Co3 O4 and Fe3 O4 reduced to 

etallic Co and Fe through the further reaction of the Lix Co3 O4 

nd Lix Fe3 O4 intermediates with Li [ 42–44 ]. In contrast, the Li2 O 

eak gradually disappeared during the charge process, and broad 

eaks with low intensity reappeared corresponding to the (220) 

nd (311) planes of Co3 O4 and Fe3 O4 . This observation demon- 

trates the formation of the amorphous and ultrafine crystals 

uring the cycling. Based on the above discussion, the com- 

lete reaction mechanisms involved in the discharge and charge 

rocesses of the (Co,Fe)O@PDA-C-100 anodes are summarized 
elow: C

84
For the discharge and charge process: 

e3 O4 + x Li+ + x e− ↔ Lix Fe 3 O4 (1) 

o3 O4 + x Li+ + xe− ↔ Lix Co3 O4 (2) 

ix Fe3 O4 + ( 8 − x ) Li+ + ( 8 − x ) e− ↔ 3Fe + 4Li2 O (3) 

ix Co3 O4 + ( 8 − x ) Li+ + ( 8 − x ) e− ↔ 3Co + 4Li2 O (4) 

The assembled cells were subjected to galvanostatic dis- 

harge/charge processes in order to assess their structural ad- 

antages. The initial discharge/charge profiles, shown in Fig. 4 (b), 

ere observed for all the prepared composites at a current 

ensity of 0.1 A g−1 . These voltage profiles align with the 

V results, indicating distinct charge and discharge plateaus at 
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.1 and 0.81 V, respectively. The initial discharge/charge capac- 

ties of (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA- 

-200, (Co,Fe)O nanocages, and bare (Co,Fe)O nanocrystals were 

492/1011, 1814/1259, 1781/1180, 1599/1171, and 1618/1164 mA h 

−1 , respectively, accompanied by corresponding initial Coulom- 

ic efficiency (ICE) values of 67.8%, 69.4%, 66.3%, 73.2%, and 71.9%. 

otably, the hollow (Co,Fe)O@PDA-C-100 porous nanocages dis- 

layed a higher ICE compared to the (Co,Fe)O@PDA-C-20 and 

Co,Fe)O@PDA-C-200 nanocages. This distinction is attributed to 

he Kirkendall voids of the hollow (Co,Fe)O@PDA-C-100 porous 

anocages, enhancing the Li-ion diffusion and reducing irreversible 

eactions during the initial cycles. 

The cycle performances of (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA- 

-10 0, (Co,Fe)O@PDA-C-20 0, (Co,Fe)O porous nanocages, and bare 

Co,Fe)O nanocrystals as anodes for LIBs at the current density 

f 0.5 and 1.0 A g−1 are shown in Figs. 4 (c, d) and S12(a,

), respectively. The cell utilizing the (Co,Fe)O@PDA-C-100 porous 

anocages exhibited stable and superior cycle performance at each 

urrent density compared to (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA- 

-200, (Co,Fe)O, and bare (Co,Fe)O anodes. For instance, the 

Co,Fe)O@PDA-C-100 porous nanocages showed a discharge capac- 

ty of 1098 mA h g−1 at a current density of 0.5 A g−1 ( Fig. 4 (c)).

he discharge capacity of (Co,Fe)O@PDA-C-100 porous nanocages 

tabilized at 1090 mA h g−¹ after 300 cycles, indicating a capac- 

ty retention of 99.3% with a low average capacity decay rate of 

.0025% per cycle. In addition, the cells using the (Co,Fe)O@PDA- 

-20, (Co,Fe)O@PDA-C-200, and (Co,Fe)O anodes exhibited initial 

ischarge capacities of 891, 1086, and 970 mA h g−1 , respectively, 

ubsequently, the discharge capacities of those anodes stabilized 

t 739 (retention = 82.9%), 838 (retention = 77.2%), and 343 mA 

 g−1 (retention = 35.3%) after 300 cycles, indicating a decrease 

n capacity over extended cycling. Furthermore, the (Co,Fe)O@PDA- 

-100 porous nanocages demonstrated higher CE value of 99.8% 

mong all other nanocages (CE values of 99.5%, 99.2%, and 99.1% 

or (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-200, and (Co,Fe)O anodes, 

espectively) after 300 cycles, indicating highly reversible elec- 

rochemical performance in the assembled cells. This can be at- 

ributed to the interconnected hollow porous structure, effectively 

itigating volume changes during charge and discharge processes. 

n contrast, the cell using the bare (Co,Fe)O anode exhibited a dis- 

harge capacity of 1051 mA h g−¹, which significantly decreased to 

07 mA h g−1 after 300 cycles. 

At a higher current density of 1.0 A g−1 ( Figs. 4 (d) and 

12(b)), similar capacity trends were observed during cycling. 

he cells utilizing the (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, 

Co,Fe)O@PDA-C-200, and (Co,Fe)O anodes had discharge capacities 

f 926, 1130, 10 0 0, and 1021 mA h g−1 , respectively. Notably, the

apacity contribution of the Co3 O4 and Fe3 O4 in the total capacity 

f (Co,Fe)O@PDA-C-100 was calculated to be 71% and 29% at cur- 

ent densities of 1.0 A g–1 based on the quantitative analysis (Fig. 

5(b)) and the cycling test results of Fe-PBA-derived Fe3 O4 (Fig. 

13). The discharge capacity of (Co,Fe)O@PDA-C-100 anode stabi- 

ized at 1098 mA h g−1 after the 300th cycle (capacity retention 

f 97.2%), while the (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-200, and 

Co,Fe)O anodes exhibited discharge capacities of 407, 681, and 193 

A h g−1 (capacity retentions of 44.0%, 68.1%, and 18.9%), respec- 

ively. In contrast, the cell that used the bare (Co,Fe)O anode exhib- 

ted an initial discharge capacity of 933 mA h g−1 , even decreased 

ignificantly to 240 mA h g−1 after the 130th cycle. This most dras- 

ic decline can be attributed to the structural instability caused by 

he high crystallinity of the anode material during cycling. These 

bservations highlight the detrimental impact of the non-porous 

tructure and bulky crystal of bare (Co,Fe)O on its cycling perfor- 

ance. Notably, the gradual increase of discharge capacities for 

Co,Fe)O@PDA-C-100 porous nanocages was confirmed for reach- 

ng 1323 and 1249 mA h g–1 at the 130th and 170th cycles at cur- 
85
ent densities of 0.5 and 1.0 A g–1 , respectively. This phenomenon 

as been previously reported for metal oxide electrodes over ex- 

ended cycling periods [ 42 , 45–50 ]. Primarily, this phenomenon re- 

ults from the formation of an organic polymer or gel-like solid 

lectrolyte interphase (SEI) layer on the electrode surface due to 

he decomposition of the electrolyte [ 42 , 45–47 ]. This SEI layer can 

nhance the mechanical cohesion of the active material without 

indering Li-ion transport. Additionally, this SEI layer could fur- 

her enhance the reversible capacity by providing additional Li-ion 

torage sites through a pseudo-capacitive mechanism, notably in 

he low-potential region. Moreover, it is associated with a trans- 

ormation of the crystalline structure to a more stable amorphous- 

ike structure during prolonged cycling [ 42 , 4 8 , 4 9 ]. This transforma-

ion can increase the surface area of the structure, exposing more 

ctive sites for Li-storage, and improve structural stability, which 

ontributes to the gradual enhancement in capacity over extended 

ycling. Finally, metallic Co/Fe nanoparticles irreversibly generated 

uring the initial cycling enhance the overall conductivity of the 

lectrode, which in turn improves charge transfer kinetics, thereby 

ontributing to an increase in capacity during subsequent cycles 

 42 , 50 ]. These factors can contribute to the (Co,Fe)O@PDA-C-100 

node achieving a higher specific capacity than the theoretical 

pecific capacity of 904 mA h g–1 estimated based on quantita- 

ive analysis results and theoretical specific capacities of 890 and 

26 mA h g–1 for Co3 O4 and Fe3 O4 , respectively, as previously re- 

orted [ 51 , 52 ]. Furthermore, the excellent cycling stability of the 

ollow (Co,Fe)O@PDA-C-100 porous nanocages can be attributed to 

everal structural advantages. Firstly, the porous structure derived 

rom PBA template facilitates the smooth Li-ion diffusion by en- 

ancing electrode wetting and facilitating electrolyte percolation. 

econdly, the hollow structure comprising small-sized nanoparti- 

les via the Kirkendall diffusion effect enables them to accommo- 

ate substantial volumetric deformations during extended cycling, 

mproving structural robustness. The relatively improved cycling 

erformance of the (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-200, and 

Co,Fe)O nanocages can be attributed to the porous structure of 

he nanocages derived from the PBA template constructed by well- 

efined (Co,Fe)O particles. In contrast, bare (Co,Fe)O forms bulky 

rystals, which prevent it from accommodating significant volume 

hanges during repeated Li-ion insertion processes. This results in 

tructural deterioration and substantial capacity decay. 

Rate capability tests were conducted across various current 

ensities ranging from 0.1 A g−1 to 10 A g−1 to evaluate the perfor- 

ance of (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA- 

-200, (Co,Fe)O, and bare (Co,Fe)O anodes. These tests aimed 

o further validate the structural advantages of these anodes 

 Figs. 4 (e) and S12(c)). The hollow (Co,Fe)O@PDA-C-100 porous 

anocages exhibited discharge capacities of 1200, 1162, 1043, 962, 

59, 681, 563, 441, and 284 mA h g−1 at the 10th cycle under cur- 

ent densities of 0.1, 0.2, 0.5, 0.7, 1.0, 2.0, 3.0, 5.0, and 10 A g−1 ,

espectively. These capacities surpassed those of (Co,Fe)O@PDA-C- 

0, (Co,Fe)O@PDA-C-200, (Co,Fe)O, and bare (Co,Fe)O anodes. The 

ischarge capacities of the (Co,Fe)O@PDA-C-20 and (Co,Fe)O@PDA- 

-200 anodes were 1240/1214, 1142/1196, 949/1081, 831/969, 

26/804, 571/540, 470/393, 367/256, and 225/105 mA h g−1 at 

dentical current densities, respectively. The (Co,Fe)O@PDA-C-20 

orous nanocage showed slightly lower discharge capacity than 

Co,Fe)O@PDA-C-100 due to the absence of the hollow structure, 

hile (Co,Fe)O@PDA-C-200 porous nanocage revealed the lowest 

ate properties by the non-hollow structure as well as large crys- 

al size, lengthening the Li-ion diffusion length. The (Co,Fe)O@PDA- 

-100 porous nanocage demonstrated enhanced rate performance 

ompared to the other nanocages, which can be attributed to more 

fficient electrolyte penetration and a shorter ionic diffusion length 

ue to the hollow structure. In comparison, the (Co,Fe)O and 

are (Co,Fe)O anodes exhibited discharge capacities of 1109/1111, 
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0 6 6/1016, 965/839, 899/705, 818/569, 630/391, 509/292, 378/197, 

nd 209/89 mA h g−1 at identical current densities, respectively. It 

s well known that a smaller size of active material facilitates Li- 

on diffusion, thereby enhancing the electrochemical redox kinetics 

 9 , 16 , 17 ]. Therefore, the (Co,Fe)O nanocages comprising nanocrys- 

als with a relatively small size of 5 nm exhibited comparable rate 

haracteristics similar to the (Co,Fe)O@PDA-C-100 anode. The dis- 

harge capacities of the (Co,Fe)O@PDA-C-100 anode obtained in 

he rate test were slightly different from the results of the cycle 

erformance obtained at the current density of 1.0 A g–1 , which 

as attributed to the different active material loading masses. As 

 result of comparing the rate and cycling results based on the 

ormal capacity (Unit = mA h), the discharge capacities of the 

ate and cycling tests at the 45th cycle corresponding to a current 

ensity of 1.0 A g–1 were almost identical (Fig. S14). The hollow 

Co,Fe)O@PDA-C-100 porous nanocages demonstrated exceptional 

apacity retention and rate capability when the current density 

as reverted back to 0.1 A g−1 . The substantial discharge capacity, 

specially under high current densities, solidifies the structural su- 

eriority of the (Co,Fe)O@PDA-C-100 anode over (Co,Fe)O@PDA-C- 

0, (Co,Fe)O@PDA-C-200, (Co,Fe)O, and bare (Co,Fe)O anodes. The 

owest discharge capacity observed in the bare (Co,Fe)O anode 

t a high current density of 10 A g–1 can be attributed to its 

on-porous structure and the formation of bulky crystals. In con- 

rast, the well-defined porous structures of the (Co,Fe)O@PDA-C- 

00 nanocages facilitate effective electrode wetting, promoting fast 

edox reactions during electrochemical process. Furthermore, the 

iny size of nanocrystals (approximately 7 nm) constructing the 

ollow structure reduces the diffusion length of Li-ion into the 

rystal structure, promoting the rapid transfer of charge species. 

dditionally, the electrochemical performance of (Co,Fe)O@PDA-C- 

00 porous nanocages prepared in this study is compared with 

ther previously reported oxide-based anodes in Table S2, demon- 

trating superior high-rate capability and cycling stability. Further- 

ore, the synthesis process of these nanocages is both energy- 

fficient and cost-effective, highlighting their potential for large- 

cale production in battery applications. 

To gain a deeper understanding of the electrochemical kinet- 

cs within the cell, CV curves were recorded for (Co,Fe)O@PDA-C- 

0, (Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA-C-200, (Co,Fe)O, and bare 

Co,Fe)O anodes. These curves were recorded at sweep rates rang- 

ng from 0.1 to 2.0 mV s−1 , as shown in Fig. S15(a), Fig. 5 (a), Fig.

16(a), and Fig. S17(a, c). Following this, power law equations were 

sed to analyze the relationship between peak current ( i ) and scan 

ates ( ν). The goal of this analysis was to differentiate between ca- 

acitive and diffusion-controlled mechanisms observed in the CV 

urves [ 53 , 54 ]. 

 = avb (5) 

og 
(
i
)

= log ( a) + blog ( v) (6) 

ere, the parameters a and b are crucial in determining whether 

he mechanism operates under capacitive or diffusion-controlled 

ynamics. A b -value close to 0.5 indicates a diffusion-controlled 

echanism, while b -value approaching 1 suggests capacitive con- 

rol [ 53 , 54 ]. The b -values were derived from the slopes observed

n log ( i ) vs. log ( ν) plots for various anodic and cathodic peaks.

hese calculated b- values correspond to different redox peaks 

f the (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA-C- 

00, (Co,Fe)O porous nanocages, and bare (Co,Fe)O nanocrystals il- 

ustrated in Fig. S15(b), Fig. 5 (b), Fig. S16(b), and Fig. S17(b, d). For

he hollow (Co,Fe)O@PDA-C-100 porous nanocages, the b -values 

btained for different redox peaks were 0.87, 0.79, 0.92, and 0.89, 

ndicating a capacitive-dominant mechanism ( Fig. 5 (b)). Similar 

rends were observed in the (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C- 
86
00, (Co,Fe)O nanocages, and bare (Co,Fe)O nanocrystals. This sim- 

larity suggests that there are abundant pseudocapacitive reaction 

ites across these materials. However, the hollow (Co,Fe)O@PDA-C- 

00 porous nanocages displayed higher b -values compared to the 

Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-200, (Co,Fe)O nanocages, and 

are (Co,Fe)O nanocrystals. This difference is attributed to the in- 

erconnected porous network within the hollow structure, which 

ffectively reduces the diffusion length of Li-ions and enhances 

he electrode-electrolyte contact. This, in turn, promotes a higher 

egree of surface-capacitive reactions. Additionally, the amount of 

urface-capacitive and diffusion-controlled reactions were quanti- 

atively differentiated using the following equation [ 28 , 53 , 55 ]: 

 = k1 v + k2 v1 / 2 (7) 

In this analysis, k1 ν and k2 ν
1/2 signify the capacitive and dif- 

usion contributions, respectively, while k1 and k2 are constants 

erived from the slope and intercept of i ( V )/ ν1/2 versus ν1/2 plot 

 28 , 53 , 55 ]. As depicted in Fig. 5 (c), for hollow (Co,Fe)O@PDA-C-100

orous nanocages highlighted in red, the capacitive contribution 

actor ( k1 ν) reaches 82% at the scan rate of 2.0 mV s−1 . This ob-

ervation indicates the consistently more capacitive contribution 

cross various scan rates, as evident in Fig. 5 (d). Similarly, the 

Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-200, (Co,Fe)O nanocages, and 

are (Co,Fe)O nanocrystals also demonstrate a higher percentage 

f capacitive processes, reaching 77%, 83%, 76%, and 62%, even at 

igher sweep rates (Figs. S15(c, d), Fig. S16(c, d), and Fig. 5 (e–h)). 

hese findings support the presence of rapid Li-ion transport kinet- 

cs in hollow (Co,Fe)O@PDA-C-100 porous nanocages, facilitated by 

everal factors including better electrolyte penetration within the 

orous structure, the effective mitigation of volume changes dur- 

ng cycling, and the synergistic effects of the hollow and porous 

tructure, collectively enabling fast charge transfer. 

EIS ( Fig. 6 ) confirmed that the hollow (Co,Fe)O@PDA-C-100 

orous nanocages have rapid and stable Li-ion storage per- 

ormance, unlike the (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-200, 

Co,Fe)O nanocages, and bare (Co,Fe)O nanocrystals. Nyquist plots 

f the electrode materials were obtained before cycling and af- 

er the 5th and 300th cycles at fully charged states. These plots 

ere analyzed using the Randles-type equivalent circuit shown in 

ig. S18, and the fitted values are summarized in Table S3. The 

yquist plots of the fresh cells ( Fig. 6 (a)) showed slightly vary- 

ng electrolyte resistance ( Rs ) values ranging from 20 � to 47 

, indicating minor differences in electrode-electrolyte interface 

eactions. Additionally, the charge transfer resistance ( Rct ) values 

or the (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA- 

-200, (Co,Fe)O nanocages, and bare (Co,Fe)O nanocrystals were 

ound to be 259, 221, 225, 261, and 297 �, respectively ( Fig. 6 (a)).

t is worth noting that the hollow (Co,Fe)O@PDA-C-100 porous 

anocages exhibited slightly lower Rct compared to other elec- 

rodes due to the hollow structure formed by the Kirkendall 

iffusion effect. This structure shortens the path for charged 

pecies, effectively reducing resistance and improving charge trans- 

er kinetics. However, after 5 cycles, a significant decrease in 

ct ((Co,Fe)O@PDA-C-20: 151 �, (Co,Fe)O@PDA-C-100: 150 �, 

Co,Fe)O@PDA-C-20 0: 10 0 �, (Co,Fe)O: 217 �, and bare (Co,Fe)O: 

33 �) was noticed for all composites. This reduction was at- 

ributed to the formation of the amorphous-like ultrafine (Co,Fe)O 

rystals within the structure during initial cycle ( Fig. 6 (b)) [ 41 , 56–

8 ]. Following the 300th cycle ( Fig. 6 (c)), hollow (Co,Fe)O@PDA- 

-100 porous nanocages exhibited the lowest Rct value of 48 

compared to the (Co,Fe)O@PDA-C-20 (56 �), (Co,Fe)O@PDA-C- 

00 (54 �), (Co,Fe)O (64 �) and bare (Co,Fe)O nanocrystals (83 

). This observation points toward faster redox kinetics and ad- 

anced integrity of electrode specifically in (Co,Fe)O@PDA-C-100 

orous nanocages. Moreover, the ionic diffusivity is an important 

actor for analyzing redox kinetics, the GITT measurements were 
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Fig. 5. Electrochemical reaction dynamics analysis of (a–d) the (Co,Fe)O@PDA-C-100, (e, f) (Co,Fe)O porous nanocages, and (g, h) bare (Co,Fe)O nanocrystals for Li-ion storage: 

(a) CV curves obtained at various scan rates, (b) current response ( i ) versus scan rate ( n ) at each redox peak, (c, e, g) CV curves with the capacitive fraction shown by the 

red region at a scan rate of 2.0 mV s−1 , and (d, f, h) bar charts showing the percentage of the capacitive contribution at different scan rates. 
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onducted to calculate the Li-ion diffusion coefficients DLi+ val- 

es for (Co,Fe)O@PDA-C-100, (Co,Fe)O porous nanocages, and bare 

Co,Fe)O nanocrystals. The GITT curves for three anodes shown in 

igs. 6 (d) and S19 were used to measure the variables required for 

he calculation, and the values were measured using the following 

quation [ 59 ]: 

Li+ =
4 

πτ

(
mb VM 

Mb S 

)2 (
	Es 

	Eτ

)2 (
τ � L2 

D 

)
(8) 
87
here τ is the current pulse time (1200 s), mb is the mass of ac- 

ive material (0.00182 g), VM 

is the molar volume of the active 

aterial (42.03 cm3 mol–1 ), Mb is the molecular weight of active 

aterial (237.36 g mol–1 ), S is the geometric area of the electrode 

1.5386 cm2 ), and 	Es is the potential change after every equilib- 

ium process. The determination of 	Es and 	Eτ values is pre- 

ented in Fig. S20. As a result, the DLi+ value for (Co,Fe)O@PDA-C- 

00 porous nanocages was calculated approximately 2.3 × 10−10 

m2 s–1 , which is the highest compared to the (Co,Fe)O porous 

anocages (9.0 × 10−11 cm2 s–1 ) and bare (Co,Fe)O nanocrystals 
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Fig. 6. (a–c) Nyquist impedance plots of assembled cells employed with different anodes during cycling at 0.5 A g–1 and (d) GITT curves of (Co,Fe)O@PDA-C-100 porous 

nanocages: (a) before cycling, (b) after 5th cycle, (c) after 300th cycle, (d) Li-ion diffusion coefficient ( DLi+ ) measurement using GITT curve during discharge/charge process. 
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6.1 × 10−11 cm2 s–1 ), as shown in Table S4. The higher DLi+ 
alue recorded for (Co,Fe)O@PDA-C-100 porous nanocages is at- 

ributed to the hollow structure composed of small-sized nanopar- 

icles and mesopores derived form CoFe-PBA template, which facil- 

tates better diffusion of charged species. The tiny size of nanocrys- 

als (approximately 7 nm) reduced the diffusion length of Li-ion 

nto the crystal structure, as well as the distribution of mesopores 

nd hollow particles in the nanocage facilitated efficient electrolyte 

ermeation into the nanostructures. Consequently, the DLi+ value 

or (Co,Fe)O@PDA-C-100 anodes surpassed those of the (Co,Fe)O 

orous nanocages and bare (Co,Fe)O anodes, signifying remarkably 

apid Li-ion diffusion and thus enhanced kinetics of redox reac- 

ions during the discharge/charge cycles. This result matched well 

ith the rate performance shown in Fig. 4 (e). Moreover, this higher 

iffusion value for (Co,Fe)O@PDA-C-100 porous nanocages corrob- 

rated the structural robustness of prepared composite, enabling it 

o endure longer cycling durations while upholding the mechanical 

ntegrity of the electrode. 

The post-cycled SEM images (Fig. S21(a–e)) of electrode ma- 

erials were recorded after 300 cycles at 0.5 A g−1 to elucidate 

he variance in Rct among the electrodes. Comparatively, the Rct 

f (Co,Fe)O@PDA-C-20, (Co,Fe)O@PDA-C-100, (Co,Fe)O@PDA-C-200, 

nd (Co,Fe)O nanocages were significantly lower than that of the 

are (Co,Fe)O nanocrystals. This difference is attributed to the 

tructural robustness through the porous structure constructed by 

ell-defined (Co,Fe)O particles, providing significant advantages in 

ong-term cycling performance, as shown in the SEM images dis- 

layed in Fig. S21(a–d). Conversely, the bare (Co,Fe)O nanocrystals 

roved incapable of enduring the stress incurred during cycling, re- 
88
ulting in the formation of bulky agglomerates. This transformation 

ed to the highest Rct after 300 cycles among the five electrode ma- 

erials, as illustrated in Fig. S21(e). 

Furthermore, full-cells comprising the (Co,Fe)O@PDA-C-100 an- 

de paired with Li(Ni0.8 Co0.1 Mn0.1 )O2 (NCM811) cathode were pre- 

ared to investigate the practical application potential of the pre- 

ared anode, and electrochemical analysis results of the full-cells 

ere shown in Fig. 7 . Prior to full-cell test, the physical and elec- 

rochemical properties of the NCM811 were examined as shown 

n Fig. S22, followed by a detailed discussion. The full-cells were 

ycled in the voltage range of 0.5–4.2 V, and the active material 

oading masses of the anode and cathode were fixed at approxi- 

ately 2.05 and 8.6 mg cm–2 (N/P ratio ≈ 1.2), respectively, to sat- 

sfy the condition of practical application. Fig. 7 (a) illustrates the 

chematic of the full-cell comprising the NCM811//(Co,Fe)O@PDA- 

-100 pair. The full-cell comprising the NCM811//(Co,Fe)O@PDA-C- 

00 pair displayed 4.2 V after fully charging at 0.1 C, and powered 

 light-emitting diode (5 V, 10 mW), emphasizing the large-scale 

nergy-storage capability of the full-cell ( Fig. 7 (b)). The initial volt- 

ge profiles of full cell at 0.1 and 0.5 C exhibited charge/discharge 

apacities of 204/182 and 149/151 mA h g–1 , respectively ( Fig. 7 (c)). 

oreover, when cycled at 0.5 C, the cell displayed discharge ca- 

acities of 165 mA h g–1 after 50 cycles and a high CE of 99.93%,

uggesting the practical viability of the prepared nanostructure as 

n anode ( Fig. 7 (d)). The rate performance of the full-cell was 

lso noteworthy, with considerable discharge capacities of 183, 174, 

64, 149, 128, 103, 87, 66, and 45 mA h g–1 at 0.1, 0.3, 0.5, 0.7,

.0, 1.5, 2.0, 3.0, and 5.0 C, respectively ( Fig. 7 (e)). Overall, the 

ull-cell results indicated that the prepared anode nanostructure 
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Fig. 7. (a) Schematic diagram of full-cell consisting of Li(Ni0.8 Co0.1 Mn0.1 )O2 (NCM811) cathode and (Co,Fe)O@PDA-C-100 anode, (b) digital image of a light-emitting diode (5 

V, 10 mW) powered by one cell utilized after fully charging at 0.1 C (1.0 C = 180 mA g–1 ), (c) initial galvanostatic charge/discharge voltage profiles at current densities of 0.1 

and 0.5 C, (d) cycling performance at 0.5 C, and (e) rate performance. 
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athode. 

. Conclusion 

This study presents for the first time an innovative and facile 

ynthesis strategy fabricating porous nanocages comprising hol- 

ow (Co,Fe)O nanoparticles through a straightforward process in- 

olving co-precipitation and subsequent Kirkendall diffusion pro- 

ess by optimization of solution-based PDA-derived carbon coating 

ontent. The porous structure originated from the CoFe-PBA tem- 

late provides ample space to manage substantial volume stresses 

nd enables effective electrolyte penetration, ensuring rapid dif- 

usion of charge species. In addition, the hollow nanoparticles 

hrough the controlled oxidation rate of (Co,Fe) nanocrystals reg- 

lated by optimized PDA content shorten the diffusion pathways 

or charge species, facilitating rapid charge transfer and support- 

ng efficient redox reactions kinetics. Benefited from the struc- 

ural advantages, when employed as anode for LIBs, the hollow 

Co,Fe)O@PDA-C-100 porous nanocages exhibit both structural ro- 

ustness and high-rate capabilities. Particularly noteworthy is their 

ycling stability, demonstrating the capacity retention of 97.2% af- 

er the 300th cycle at a current density of 1.0 A g−1 , and high 

ischarge capacity of 284 mA h g–1 at a high current density 

f 10 A g−1 , showcasing effectiveness of this approach in attain- 

ng great electrochemical performance at high charging rates. Fur- 

hermore, the practical application potential of the prepared hol- 

ow (Co,Fe)O@PDA-C-100 anode was demonstrated by full-cell test 

aired with Li(Ni0.8 Co0.1 Mn0.1 )O2 cathode under the condition of 

ractical application (the active material loading masses of the an- 

de and cathode were fixed at approximately 2.05 and 8.6 mg 

m–2 ). Thus, the structural enhancements demonstrated in this re- 

earch hold promise for enabling highly conductive and porous 
89
ollow heterostructures, crucial for ensuring stable cycle life in di- 

erse energy-related applications. 
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