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Hierarchical Structure Design of ZIF-derived CoNiFe LDH Nanocages Grown on Ag Nanowires as High-performance Cathode for Zn-Air Batteries
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[bookmark: OLE_LINK28]Developing bifunctional electrocatalysts with superior oxygen evolution and reduction reaction (OER/ORR) activity and high durability is crucial for rechargeable metal-air batteries. Transition-metal-based layered double hydroxides (LDHs) are promising in the application as cost-effective and high-performance air cathodes. Herein, hierarchical composites of ZIF-derived CoNiFe LDH nanocages in-situ grown on Ag nanowires (CoNiFe LDH@Ag NWs) are synthesized as carbon-free bifunctional oxygen electrocatalysts. The hollow structure of LDH and heterointerface with conductive Ag substrate not only maximizes exposure of active sites, but also ensures effective electron transfer. In addition, the hybridization with Ag induces structural disorder and unsaturated coordination in the LDH shells, thereby enhancing intrinsic catalytic activity. Theoretical calculations reveal that incorporation of Ag species could tune the electronic states and reduce the reaction barriers of OER and ORR. As a result, CoNiFe LDH@Ag NWs exhibit a bifunctional overpotential of 0.63 V. Applied as a carbon-free cathode in zinc-air battery, CoNiFe LDH@Ag NWs yields a high specific capacity of 808 mAh g−1 and long cycling stability up to 300 h. This work provides new insight into the design of LDH hierarchical structure for efficient and durable electrocatalysts.

1. Introduction
[bookmark: _Hlk193669576]With the escalating demand for renewable and sustainable clean energy, extensive research efforts have been devoted to developing economical, durable, and highly efficient catalysts for energy storage and conversion systems.[1] Oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) are critical to various renewable energy applications, such as fuel cells, water electrolyzers, and rechargeable metal-air batteries.[2] Among them, rechargeable metal-air batteries are based on electrochemical charge/discharge reactions that occur between a positive air electrode (cathode) and a negative metal electrode (anode). The anode is typically made of metals such as Li, Na, Zn, or Al, while the air cathode usually contains some form of porous carbon material and bifunctional OER/ORR electrocatalysts.[3] Though metal-air batteries have gained significant attention due to high specific energy density, they also suffer from low round-trip efficiency and poor cycling stability, primarily owing to the low efficiency of OER and ORR catalysts and significant carbon corrosion at the cathode.[4] The competitive adsorption of reaction species/intermediates on different active sites during OER and ORR poses an enormous challenge for the development of efficient bifunctional oxygen electrocatalysts based on a single-component material.[5]
[bookmark: _Hlk193730264][bookmark: OLE_LINK1]Layered double hydroxides (LDHs) based on transition-metal (such as Fe, Co, Ni, and Mn) have generated substantial interest due to their structural and compositional tunability to realize exceptional electrocatalytic activities for both OER and ORR.[6] For example, Ni- and Co-based LDHs are among the most active catalysts for OER in alkaline electrolytes.[7] Notably, Fe plays a critical role in promoting the OER reaction process.[8] On the other hand, ORR performance is generally regarded as insufficient due to poor electrical conductivity of LDHs and aggregation of active species. To improve the electrocatalytic performance, integrating LDHs with conductive substrates, such as carbon nanotubes and graphene, was employed to accelerate electron transfer and enhance chemical stability.[9] However, the low polarity of carbon-based surfaces hinders the establishment of robust electronic interactions with supported LDHs.[10] Carbon corrosion arising from long-term operation at high potentials remains a pressing concern.[11] In this aspect, Ag has been proposed as an alternative substrate due to its superior electrical conductivity and potential in ORR applications.[12]
Various methods such as co-precipitation, homogenous precipitation, and topochemical transformation have been developed to prepare platelet-like LDH crystallites.[13] Recently, hollow nanocages of LDHs were synthesized by using zeolitic imidazolate framework-67 (ZIF-67) as a sacrificial template.[14] ZIF-67 is composed of cobalt ions and dimethylimidazole (2-MIM), which readily dissolves in acidic conditions and serves as a metal source of LDH crystallization due to its tunable valences. The nanocages well inherit the rhombic dodecahedral shape of the ZIF-67 templates, and the shell is composed of LDH nanosheets. Compared with pristine ZIFs, hollow structures exhibit enhanced chemical stability, electronic conductivity, and electrochemical performance, which enables the exposure of numerous active sites and shortens mass/gas diffusion pathways.[15] Moreover, introduction of other metal ions can tune the chemical composition and electronic structure of LDHs, thereby boosting their intrinsic catalytic activity.[16] It is thus of great interest to explore ZIF-67 as both an additional metal source and a surfactant-like agent to optimize the composition and morphology of hollow-structured LDH products.
In the present study, motivated by the remarkable electrical conductivity and ideal surface area of Ag nanowires (NWs), we design a hierarchical composite consisting of hollow-structured CoNiFe LDH shells coated on Ag NWs cores, denoted as CoNiFe LDH@Ag NWs, to achieve both high OER and ORR activities. The synthesis involves using ZIF-67 coated Ag NWs (ZIF-67@Ag NWs) as cobalt source and sacrificial template, followed by in situ coprecipitation of multiple metal cations (Ni, Fe). The combination with Ag NWs modifies the LDH structure by introducing unsaturated coordination and/or defective sites. The exceptional electrical conductivity of Ag NWs also facilitates efficient electron transport during electrocatalytic processes. As a result, the hierarchical hybrid exhibits superior catalytic performance for both OER and ORR. Tested as a carbon-free air cathode in Zn-air batteries (ZABs), CoNiFe LDH@Ag NWs demonstrates high power density, high round-trip efficiency with minimal charge/discharge potential gaps, and excellent cycling stability.

2. Results and discussion
2.1. Materials characterization
Figure 1a illustrates the scheme of two-step synthesis of CoNiFe LDH@Ag NWs. First, Ag NWs were synthesized via a polyol method (Figure S1).[17] ZIF-67 bunches were then nucleated and grown on the surface of Ag NWs by mixing cobalt nitrate, 2-methylimidazole (2-MIM) and Ag NWs at room temperature. X-ray diffraction (XRD) pattern verifies the formation of ZIF-67 phase (Figure S2). Scanning electron microscopy (SEM) image in Figure 1b and transmission electron microscopy (TEM) image in Figure 1d display the morphology of ZIF-67 polyhedral particles uniformly coated on Ag NWs. In the second step, CoNiFe LDH@Ag NWs were prepared by ion etching of ZIF-67 under hydrothermal conditions. During the ion etching process, protons were generated from the hydrolysis of nickel or ferric nitrate. Cobalt ions were dissolved from ZIF-67 by the generated protons and coprecipitated with nickel/ferric cations together with hydrolyzed hydroxide anions. The dissolution of the ZIF-67 framework and coprecipitation result in the formation of hollow LDH nanocages with NO3− intercalation as shown in Figure 1c and e. To investigate the role of Ag NWs in the nucleation and crystallization processes of ZIF-67 and LDH, Ag NWs in different amounts were added for comparison (Table S1). Moreover, pure ZIF-67 and the corresponding CoNiFe LDH without Ag NWs were also synthesized (Figure S3). It was found that the optimal amount of addition, 20% Ag NWs, is essential to achieve an ideal morphology of nanocages (Figure S4). It is noteworthy that, without ZIF-67 templates, conventional LDH@Ag NWs prepared via direct hydrothermal treatment display a platelet-like morphology with relatively higher crystallinity (Figure S5). In addition, the concentrations of nickel and ferric nitrate were adjusted to tune element ratios in CoNiFe LDH (Figure S6). It was found that with the increase in Fe content, the particle size of LDH decreased. A control sample of CoNi LDH@Ag NWs without Fe was prepared, which exhibited a more uniform and smoother surface and a larger lateral size than Fe-containing samples. Energy dispersive X-ray spectroscopy (EDS) results in Table S2 reveal that Co content in all samples remains almost constant. The metal composition in the LDH nanocages with an ideal morphology was estimated to be Co0.27Ni0.58Fe0.15, with an atomic ratio of Co:Ni:Fe close to 2:4:1. Such a Ni-Co-based  ternary composition with a small amount of Fe is desirable for achieving high catalytic activities.
As shown by TEM in Figure 1f and high-resolution TEM (HRTEM) in Figure 1g, the hollow LDH nanocages grown on Ag NWs exhibit a turbostratic structure without clearly resolved continuous lattice fringes. Lattice fringes separated by 0.89 nm are discernible at side walls and curled edges, corresponding to the interlayer spacing of LDH. Scanning transmission electron microscopy (STEM) image and corresponding elemental mapping images in Figure 1h and 1i indicate that Ag NWs are uniformly covered by Co, Ni, and Fe elements.
As illustrated in Figure 1j, XRD peak profiles of CoNiFe LDH@Ag NWs are generally lower in intensity and broader compared to those of CoNiFe LDH, indicating poor crystallinity that may arise from structural disorder upon interaction with Ag. The asymmetrically broadened feature with a tail on the higher angle side also indicates a turbostratic disorder. The diffraction peak of (001) is associated with an interlayer spacing of 0.89 nm, suggesting that the LDH is intercalated with NO3−,[18] which can be confirmed by Fourier transform infrared spectroscopy (FT-IR) spectra in Figure 1k. A large band centered at 3500 cm−1 is assigned to the O−H stretching modes of interlayer water molecules and H−bound OH groups, and the obvious peak at 1630 cm−1 is due to the bending vibration of interlayer H2O.[19] A strong absorption peak at 1380 cm−1 is assigned to ν3 vibration mode of NO3−.[20] Absorption peaks at about 630 cm−1 and 520 cm−1 correspond to the vibrations of metal−O and metal−O−metal bonds, respectively.[21] Moreover, the absence of characteristic C−N stretching and imidazole ring bending vibrations for 2-MIM in both CoNiFe LDH and CoNiFe LDH@Ag NWs samples suggests that organic ligands are totally removed. Nitrogen adsorption/desorption isotherms of as-prepared materials are shown in Figure 1l. ZIF-67 derived LDH@Ag NWs exhibit a Brunauer-Emmett-Teller (BET) specific surface area of 120 m2 g−1, much higher than the value of 69 m2 g−1 for conventional LDH@Ag NWs. The increase in surface area is attributed to the formation of hollow nanocages using the ZIF-67 template with a huge specific surface area (~1600 m2/g, Figure S7). The higher surface area and hollow structure may facilitate mass transfer and thereby enhance the electrocatalytic performance.
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[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: _Hlk186300132]Figure 1. (a) Schematic illustration of the synthetic procedure of CoNiFe LDH@Ag NWs. SEM images of (b) ZIF-67@Ag NWs and (c) CoNiFe LDH@Ag NWs. TEM images of (d) ZIF-67@Ag NWs and (e, f) CoNiFe LDH@Ag NWs. (g) HRTEM image of CoNiFe LDH@Ag NWs. (h) STEM image and (i) corresponding EDS elemental mapping images of CoNiFe LDH@Ag NWs. (j) XRD patterns of CoNiFe LDH and CoNiFe LDH@Ag NWs. (k) FT-IR spectra. (l) N2 adsorption/desorption isotherms.

X-ray photoelectron spectroscopy (XPS) was utilized to elucidate the electronic interactions and charge transfer between CoNiFe LDH and Ag NWs. The survey spectra in Figure 2a demonstrate the presence of Co, Ni, Fe, and Ag in CoNiFe LDH@Ag NWs, whereas the Ag signal is absent in CoNiFe LDH. The XPS spectrum of bare Ag NWs in Figure 2b shows two characteristic peaks of Ag metal at 368.2 eV and 374.2 eV, corresponding to the Ag 3d5/2 and Ag 3d3/2 orbitals, respectively. When Ag NWs were covered with LDHs, the Ag peaks became broader along with a negative shift of 0.5 eV, suggesting that the surface of Ag NWs has been predominantly oxidized to Ag+. The Co 2p spectrum of CoNiFe LDH (Figure 2c) shows two shakeup satellites and four deconvoluted peaks located at 779.9/795.5 eV (Co3+) and 781.2/796.8 eV (Co2+), indicating that Co atoms are in the mixed valence state of +2 and +3 in LDH. Moreover, after combination with Ag NWs, the Co 2p peaks of CoNiFe LDH@Ag NWs shift to higher binding energy (0.4 eV), which indicates electron transfer from Ag NWs to CoNiFe LDH. On the other hand, the binding energy of Ni 2p and Fe 2p for CoNiFe LDH@Ag NWs shift to the lower binding energy compared to that of bare CoNiFe LDH, also indicating strong electronic interaction between LDH and Ag NWs. In particular, the Ni 2p spectrum shown in Figure 2d exhibits two peaks at 855.6 and 873.3 eV with two satellite peaks, which are predominately associated with Ni2+. In the XPS spectrum of Fe 2p (Figure 2e) in CoNiFe LDH@Ag NWs, two peaks attributed to Fe 2p3/2 (711.7 eV) and Fe 2p1/2 (725.3 eV) reveal the presence of Fe3+ in LDH. The electron transfer may induce structural disorder and/or unsaturated coordination different from the typical octahedral (Oh) symmetry in conventional LDH. As shown in Figure 2f, a broad absorption band in the range from 600 to 700 nm was detected in UV-vis diffuse reflectance spectra, which can be assigned to the d−d transition of metal ions in tetrahedral (Td) coordination.[22] The broad feature may be attributed to the low crystallinity of LDH and relatively weak binding force between NO3− intercalation and Td coordination. After ion exchange with Cl− with a stronger binding force, two distinct characteristic peaks appeared in the UV-vis spectrum (Figure S8), agreeing well with previous reports. The Td coordination of Co may be inherited from the ZIF structure due to local environment and kinetic constraints or arise from interfacial effects with Ag.
X-ray absorption spectroscopy (XAS) was utilized to further examine the local atomic arrangements, valence states, and coordination characteristics. As displayed in Figure 2g−i, the pre-edge peaks in X-ray absorption near-edge structure (XANES) spectra arise from 1s to 3d electric-quadrupole transition, while the main absorption peaks are due to dipole electronic transition from 1s to 4p orbitals.[23] Generally, the average valence correlates with their edge energy, and a higher oxidation state exhibits a higher absorption threshold position.[24] In Figure 2g, the threshold positions of Co in the as-prepared samples are located between CoO and Co3O4, revealing the presence of mixed valence states of Co2+ and Co3+. In addition, the Co K-edge absorption for CoNiFe LDH@Ag NWs shifts to a lower energy position (inset in Figure 2g) compared with CoNiFe LDH, suggesting the occurrence of electron transfer from Ag to LDH, which results in a lower valence state of Co in CoNiFe LDH@Ag NWs. Ni K-edge XANES spectra of CoNiFe LDH@Ag NWs and bare CoNiFe LDH are compared with those of commercial samples (NiO, Ni(OH)2, and Ni2O3). As observed in Figure 2h, the threshold positions of CoNiFe LDH@Ag NWs and CoNiFe LDH are extremely close to that of NiO and Ni(OH)2, revealing that the valence states of Ni in the two samples are predominantly Ni2+. Similarly, the threshold positions of Fe in CoNiFe LDH@Ag NWs and CoNiFe LDH overlap with that of Fe2O3 (Figure 2i), indicating that Fe atoms are primarily in Fe3+ valence state, which is in good agreement with XPS results.
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[bookmark: _Hlk193733922]Figure 2. XPS spectra of (a) survey, (b) Ag 3d, (c) Co 2p, (d) Ni 2p and (e) Fe 2p for CoNiFe LDH@Ag NWs, CoNiFe LDH and Ag NWs. (f) UV-vis diffuse reflectance spectra, XANES spectra of (g) Co K-edge, (h) Ni K-edge and (i) Fe K-edge for CoNiFe LDH@Ag NWs and CoNiFe LDH.

[bookmark: _Hlk193668246][bookmark: OLE_LINK17][bookmark: _Hlk193669662]Fourier transform (FT) extended X-ray absorption fine structure (EXAFS) spectra are depicted in Figure 3a−c to directly elucidate the local structure and coordination environment. The first peak indicates the presence of M−O bonding (M = Co, Ni, or Fe), while the second peak signifies M−M interactions. The reduced relative intensities of M−O and M−M bonds in CoNiFe LDH@Ag NWs compared to that of CoNiFe LDH suggest a decrease in the coordination number (CN) after incorporation with Ag. Detailed structural parameters extracted from EXAFS fitting results are shown in Figure S9 and Table S3. Both CoNiFe LDH@Ag NWs and CoNiFe LDH yield coordination numbers (M–O and M–M) generally smaller than 6 of typical Oh coordination in conventional LDH, suggesting the presence of unsaturated sites and structure disorder in the ZIF-67-derived LDH.[25] The shorter bonds lengths of Co-O and Ni-O in LDH than commercial CoO and Ni(OH)2 also confirm the stronger electrostatic binding force from lower coordination numbers. Furthermore, average CN values of CoNiFe LDH@Ag NWs are further decreased compared with CoNiFe LDH, indicating the combination with Ag could amplify this trend in producing more unsaturated sites. The decrease in coordination numbers and the emergence of Td coordination in CoNiFe LDH@Ag NWs are consistent with UV-vis results. Furthermore, X-ray total scattering and pair distribution function (PDF) analysis were conducted and shown in Figure S10. As the PDF signal of ZIF-67@Ag NWs is dominated by the contributions from the Ag NWs, a careful subtraction of the Ag NWs background was performed using least-squares regression.[26] A scaling factor for the pure Ag NWs PDF signal was adjusted to extract the ZIF-67 signal, denoted as ZIF-67 (@Ag NWs), which is shown in Figure 3d. In Figure 3d, the first peak (~1.4 Å) is comprised of the nearest neighbor contributions from 2-MIM. The second peak (~2.0 Å) is dominated by the closest Co−N1 pairs, overlapping with the second-nearest neighbors from 2-MIM.[27] It is evident that the relative intensities of ZIF-67 (@Ag NWs) decrease compared to those of pure ZIF-67, supporting a higher degree of disorder and linker deficiency.[28] The third peak attributed to the closest Co−C1 bond shifts from 3.01 Å in pure ZIF-67 to 2.93 Å in ZIF-67 (@Ag NWs), revealing possible distortion from the interaction of ZIF-67 with Ag. A minor contraction in the Co−N2/C2 distance is also observed in ZIF-67 (@Ag NWs), decreasing from 4.17 Å to 4.13 Å. At higher R values, ZIF-67 (@Ag NWs) exhibits greater peak broadening than pristine ZIF-67, further supporting an increase in disorder. These findings suggest that structural disorder arises during the growth of the ZIF-67 template on Ag NWs, which subsequently affects the structure of the LDH formed by the ion etching process. This also confirmed by the PDF of CoNiFe LDH (@Ag NWs) in Figure 3e. A reduction in the peak intensities for the M−O pair and M−M bond of LDH (@Ag NWs) is attributable to the defective sites and distorted structure. The presence of coordinatively unsaturated metal sites and structural disorder impacts the electronic structure of the CoNiFe LDH@Ag NWs hybrids, potentially serving as active sites during the catalytic process.[23, 29]
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Figure 3. Fourier-transform EXAFS spectra at (a) Co K-edge, (b) Ni K-edge, (c) Fe K-edge of CoNiFe LDH@Ag NWs and CoNiFe LDH. Processed PDF patterns of (d) ZIF-67 and ZIF-67@Ag NWs (denoted with (@Ag) into brackets to emphasized that it corresponds to the signal after Ag subtraction), (e) CoNiFe LDH and CoNiFe LDH@Ag NWs (after Ag signal subtraction).

2.2 Bifunctional oxygen electrocatalysis performance
[bookmark: _Hlk193726450]OER and ORR activities of as-prepared samples were evaluated. As shown in Figure S11, the ZIF-67 precursor exhibited unsatisfactory electrochemical performance due to the poor electrical conductivity. After integration with Ag NWs, the OER performance of ZIF-67@Ag NWs was improved, but the ORR performance remained unsatisfactory. Notably, after the conversion of ZIF-67 to LDH, both the OER and ORR performance of CoNiFe LDH@Ag NWs are significantly enhanced. The influence of the Ag content in CoNiFe LDH@Ag NWs is compared in Figure S12. As the Ag content increased from 10% to 20%, OER and ORR activities were enhanced. A further increase in Ag content to 30% led to a decline in performance, potentially due to the inherently weak catalytic properties of Ag itself. The CoNiFe LDH@Ag NWs with an atomic Ag ratio of 20% exhibited the best bifunctional catalytic activities among a series of catalysts with different Ag contents. On the other hand, the performance of CoNiFe LDH@Ag NWs with different CoNiFe ratios in LDH was also evaluated and depicted in Figure S13. It is notable that Fe doping significantly enhanced catalytic activity, as evidenced by comparisons with the Fe-free sample (Figure S14). The optimal ratio was demonstrated to be Co0.27Ni0.58Fe0.15, which was selected as the representative CoNiFe LDH@Ag NWs for further investigation.
Figure 4a presents the polarization curve of ZIF-67 derived CoNiFe LDH@Ag NWs, in comparison with those of conventional LDH@Ag NWs (denoted as Conv. LDH@Ag), CoNiFe LDH, the mixture of CoNiFe LDH and Ag NWs, commercial RuO2, and bare Ag NWs. Notably, CoNiFe LDH@Ag NWs exhibited the highest OER activity with the lowest overpotential of 225 mV at 10 mA cm−2 (Ej=10), outperforming that of Conv. LDH@Ag NWs (255 mV) and other aforementioned samples. The reaction kinetics were then evaluated by Tafel slopes. As illustrated in Figure 4b, the smallest Tafel slope of 47.0 mV dec−1 was achieved for CoNiFe LDH@Ag NWs, demonstrating the most favorable reaction kinetics toward OER. The charge transfer behaviors of as-prepared samples were examined by electrochemical impedance spectroscopy (EIS) as shown in Figure 4c. An equivalent circuit was used to analyze the experimental impedance data (Figure S15). The single semicircle in RuO2 corresponds to the charge transfer resistance (Rct). On the other hand, two semicircles were detected in other samples. The semicircle at high frequency corresponds to the Rct, while the one at low frequency is attributed to the adsorption of surface intermediates (Rad) in the faradaic process.[22b] Notably, CoNiFe LDH@Ag NWs displays the lowest Rct of 7.0 Ω and Rad of 12.8 Ω compared with other catalysts (Table S4). This manifests that the incorporation of Ag NWs greatly improves the charge transfer ability and reaction efficiency of intermediate products. Moreover, ZIF-derived CoNiFe LDH@Ag NWs exhibit superior performance compared to Conv. LDH, indicating that the hollow morphology and defective structure may expose more active sites and facilitate the electron transfer process. In addition, the double-layer capacitance (Cdl) of the catalysts was obtained by cyclic voltammetry (CV) measurements with different scan rates (Figure S16) to represent the electrochemical active surface area (ECSA). The Cdl of CoNiFe LDH@Ag NWs (18.5 mF cm−2) is larger than those of Conv. LDH@Ag NWs and other as-prepared samples, suggesting more accessible active sites in CoNiFe LDH@Ag NWs. It thus demonstrates that a combination with Ag NWs facilitates the OER process, and the properties of ZIF derivatives also contribute to enhanced performance. As shown in Figure 4d, the stability tests of the catalysts were investigated by chronopotentiometry (CP) measurements at 10 mA cm−2. Compared with commercial RuO2, CoNiFe LDH@Ag NWs exhibited outstanding stability over 40 h, with only minimal degradation.
ORR activities of the catalysts were also tested and shown in Figure 4e. CoNiFe LDH@Ag NWs demonstrate the most positive onset potential (Eonset), half-wave potential (E1/2), and the highest limiting current density (jL) among the as-prepared materials. As displayed in Figure 4f, the significantly enhanced ORR performance of CoNiFe LDH@Ag NWs compared with both CoNiFe LDH and the mixture confirms the beneficial effect of Ag NWs as charge highways as well as interfacial interactions within the heterostructure, thereby resulting in improved catalytic efficiency and reaction kinetics. On the other hand, compared to Conv. LDH@Ag NWs, the improved ORR performance highlights the critical role of ZIF-derived LDH with disordered structure and large specific surface area in the catalytic process.
To further explore the electrochemical kinetics and electron transfer number (n) during the ORR process, rotating disk electrode (RDE) measurements were conducted at various rotation speeds ranging from 400 to 2500 rpm (Figure S17). Accordingly, the corresponding Koutecky-Levich (K-L) plots for CoNiFe LDH@Ag NWs are presented in Figure 4g. Based on the slopes of K-L plots, n was estimated to be approximately 3.9 at the potential range of 0.3−0.6 V, indicating the excellent ORR catalytic activity via a four-electron dominated pathway, which exhibits almost the same features as the ORR benchmark Pt/C. Additionally, the n value and H2O2 yield of the catalysts were determined by measuring the current of a rotating ring disk electrode (RRDE) (see measurement in Figure S18) and displayed in Figure 4h. The n value of CoNiFe LDH@Ag NWs (over 3.9) is consistent with the K-L curves, further demonstrating a four-electron process. The measured H2O2 yield remains below 4%, indicating a substantial reduction in harmful HO2− ions generation at the electrode, thereby ensuring the practical viability of ZABs. To elucidate the bifunctional capability, total OER and ORR overpotential gaps between Ej=10 and E1/2 were compared (ΔE = Ej=10 − E1/2, Figure 4i). CoNiFe LDH@Ag NWs demonstrates the lowest ΔE (0.63 V), which is better than that of Pt/C-RuO2 system (0.68 V) and reference samples. These results verify the synergistic effects of the interfacial effect between LDH and Ag, which provides the unsaturated and defective sites, as well as the enlarged surface area from the hollow structure, leading to the most favorable OER and ORR performances in CoNiFe LDH@Ag NWs.
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[bookmark: _Hlk186658630]Figure 4. (a) OER polarization curves. (b) Tafel plots. (c) Nyquist plots. (d) CP tests. (e) ORR polarization curves. (f) Comparison of Eonset and E1/2. (g) K-L plots of CoNiFe LDH@Ag NWs at different potentials. (h) Electron transfer number (n) and H2O2 yield against potential calculated by RRDE method. (i) Potential gap (ΔE=Ej=10−E1/2) of as-prepared samples.

2.3 Theoretical calculations
[bookmark: OLE_LINK24]Density functional theory (DFT) calculations were conducted to gain deeper insights into the intrinsic activity of the synthesized catalysts for OER and ORR. Figure 5a shows the ideal model of CoNiFe LDH@Ag NWs, where the surface Ag atoms are oxidized and become bonded to LDH, forming a heterojunction. The charge density differences at the heterojunction illustrate charge accumulation on LDH (yellow areas) and charge depletion on the surface of Ag (cyan areas). According to Bader charge analysis in Table S5, the charge transfer (0.23 e) from Ag to LDH suggests strong interfacial interactions to modulate the electronic structure of the composite. To evaluate the effect of Ag in CoNiFe LDH@Ag NWs, the CoNiFe LDH model was also proposed for comparison and included for further trend analysis between adsorption energies and catalytic activities. The optimized atomic models of CoNiFe LDH@Ag NWs and CoNiFe LDH are illustrated in Figure S19. OER and ORR may be regarded as two reversible processes that involve four reaction steps. The projected density of states (DOS) shows the electronic states available for electrons in the two catalysts. As shown in Figure 5b of the DOS for CoNiFe LDH, there is a visible band gap around the Fermi level (0 eV), suggesting that few states are available for electron conduction. The defective sites and disordered structure introduced by Ag incorporation significantly modify the DOS and fills in the band gap observed in the pure CoNiFe LDH structure (Figure 5c). In addition, CoNiFe LDH@Ag NWs show more electronic states near the Fermi level, indicating higher electronic conductivity, which is crucial for catalytic activities. On the other hand, the d-band center of Fe (−2.79 eV) in CoNiFe LDH@Ag NWs is closer to the Fermi level than that of CoNiFe LDH (−3.17 eV). This implies the stable adsorption configuration of CoNiFe LDH@Ag NWs, thereby affecting the transformation of intermediates and enhancing the intrinsic catalytic activities.
[bookmark: OLE_LINK25]The limiting reaction barrier is a crucial parameter that affects catalytic activity and can be evaluated by the Gibbs free energy change (ΔG) associated with the rate-determining step (RDS). Figure 5d shows the OER and ORR processes at U = 0 V of the two catalysts. For CoNiFe LDH@Ag NWs, the RDS of OER corresponds to the first step (H2O → *OH) with the highest ΔG of 1.65 eV among the four steps, which is much lower than that of CoNiFe LDH (step 3, 3.09 eV), indicating a more beneficial OER reaction of CoNiFe LDH@Ag NWs sites. As for ORR at U = 0 V, the downhill free energy pathways for CoNiFe LDH@Ag NWs reveal that all electron transfer steps can proceed spontaneously. Nevertheless, the formation of *O to *OH for CoNiFe LDH in ORR process needs to overcome an energy uphill of 0.47 eV (Figure 5d). At a potential of U = 1.23 V in Figure 5e, the RDS of OER process indicates the calculated overpotentials for CoNiFe LDH@Ag NWs and CoNiFe LDH are 0.42 V and 1.86 V, respectively. The much lower overpotential of CoNiFe LDH@Ag NWs demonstrates that the incorporation of Ag may reduce the reaction barrier, thus accelerating the OER process. Furthermore, a higher potential (U = 1.23 V) of ORR shows less favorable thermodynamics for four steps. The first step (O2 → *OOH) becomes endothermic on CoNiFe LDH@Ag NWs and is proved to be the RDS with a ΔG of 0.54 eV. As for CoNiFe LDH, the RDS is still step 3 (*O → *OH) with the highest ΔG value (1.70 eV), indicating a less efficient process than CoNiFe LDH@Ag NWs. Therefore, DFT calculation results prove that the unsaturated sites and disordered structure induced by Ag hybridization effectively regulate the electronic states near the Fermi level and improve the transferability for catalytic species, thus reducing the reaction barrier of OER and ORR.
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Figure 5. (a) Charge density differences of CoNiFe LDH@Ag NWs (yellow and cyan areas represent for electron accumulation and depletion, respectively). DOS of (b) CoNiFe LDH and (c) CoNiFe LDH@Ag NWs (the Fermi level is set at 0 eV). Gibbs free energy diagram of OER and ORR at (d) U = 0 V and (e) U = 1.23 V.

2.4 Rechargeable Zn-air battery performance
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK23][bookmark: OLE_LINK22][bookmark: _Hlk193728733][bookmark: _Hlk193728822]As depicted schematically in Figure 6a, an aqueous Zn-air battery was constructed to demonstrate the exceptional bifunctional capabilities of CoNiFe LDH@Ag NWs as an air cathode. As shown in Figure S20, the ZAB assembled with CoNiFe LDH@Ag NWs as the air electrode shows the open-circuit voltage of 1.51 V, which is a little higher than that of Pt/C-RuO2 catalyst mixture (1.50 V). In addition, compared with Pt/C-RuO2, the CoNiFe LDH@Ag NWs based ZAB exhibits a smaller voltage gap of only 0.74 V at a current density of 20 mA cm−2, demonstrating enhanced electrochemical reactivity (Figure 6b). Discharge polarization curves and corresponding power density are shown in Figure 6c. ZAB assembled with CoNiFe LDH@Ag NWs shows a high peak power density of 182.4 mW cm−2, exceeding that of Pt/C-RuO2 (149.5 mW cm−2). As illustrated in Figure 6d, by normalizing the mass of consumed zinc at a constant current density of 5 mA cm−2, ZAB assembled with CoNiFe LDH@Ag NWs yields a high specific capacity of 808 mAh g−1, which surpasses that of the Pt/C-RuO2 mixture (752 mAh g−1). Specifically, the superior capacity can be attributed to the distinctive hollow nanostructure, high catalytic efficiency, and optimal mass transfer channels from defective sites.[15b] The cycling stability of CoNiFe LDH@Ag NWs and Pt/C-RuO2 as air electrodes was evaluated at 10 mA cm−2 for 20-min cycles (10-min charge and 10-min discharge), respectively, and depicted in Figure 6e. Remarkably, the initial charge and discharge voltage gap of ZAB assembled with CoNiFe LDH@Ag NWs is only 0.74 V with a high round-trip efficiency of 62.4%. It also exhibits excellent cycling stability. As shown in Figure S21, the voltage gap between charge and discharge remained at 0.84 V after cycling for 300 h. In contrast, the voltage gap of Pt/C-RuO2 based ZAB increases obviously in a short period. Furthermore, ZAB assembled with CoNiFe LDH@Ag NWs as air cathode still exhibited superior durability for 900 cycles at a higher current density of 50 mA cm−2 (Figure S22). As summarized in Table S6, the ZAB assembled with CoNiFe LDH@Ag NWs not only exhibits high discharge capacity but also outstanding cycling stability, outperforming the most advanced bifunctional catalysts reported before. The above results demonstrate that the heterostructure is an ideal carbon-free cathode for metal-air batteries.
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Figure 6. Electrochemical performance of Zn-air batteries with CoNiFe LDH@Ag NWs and Pt/C-RuO2 as the air cathodes. (a) Schematic of the rechargeable ZABs. (b) Polarization curves of charge and discharge. (c) Discharge polarization curves and corresponding power densities of ZABs. (d) Specific capacity at 5 mA cm−2. (e) Galvanostatic charge and discharge cycling curves at 10 mA cm−2.

3. Conclusions
[bookmark: OLE_LINK26][bookmark: _Hlk187656632][bookmark: OLE_LINK29]Hierarchical hybrids of CoNiFe LDH@Ag NWs are developed as an efficient bifunctional oxygen electrocatalyst by coupling Ag NWs with CoNiFe nanocages derived from ZIF-67 polyhedra. The resultant CoNiFe LDH@Ag NWs is advantageous in exposing the active sites through a hollow structure of LDH and an increased specific surface area. The high conductivity of Ag NWs may ensure fast electron transport during catalytic reactions. Moreover, the incorporation of Ag NWs leads to the coordinatively unsaturated sites and structural distortions of LDH shells, which in turn enhances the intrinsic site activities for improved catalytic performance. As a result, CoNiFe LDH@Ag NWs exhibit preeminent bifunctional OER and ORR activities with a low ΔE value of 0.63 V, promising in the application as a carbon-free air electrode of metal-air batteries. DFT calculations reveal that the incorporation of Ag tunes the adsorption energies of reaction intermediates by modifying the electronic states near the Fermi level, thereby promoting catalytic kinetics. The rechargeable ZABs assembled with CoNiFe LDH@Ag NWs exhibit a high peak power density of 182.4 mW cm−2, a specific capacity of 808 mAh g−1, and long cycling stability for 300 h. This work offers valuable insights into the rational design and structural optimization of efficient and multifunctional electrocatalysts for diverse energy storage and conversion applications.
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