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Abstract 

Aqueous zinc-ion batteries (ZIBs) are emerging as promising alternatives among 

various energy storage devices. However, the lack of the research on cathode materials 

with both high capacity and electrochemical stability restricts the widespread 

applications of ZIBs. Herein, surface chemical reconstruction and partial 

phosphorization strategies are employed to synthesize MOF-derived hierarchical 

CoO/Ni2P-Co2P nanosheet arrays on Ni foam substrates as the cathode for ZIBs. The 
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unique hierarchical nanostructure and multi-component with exposed surfaces and rich 

oxygen vacancies accelerate the charge transfer and ion diffusion, expose more active 

sites, promote the accessibility between active materials and electrolyte. The 

oxide/phosphides composites obtained by novel partial phosphorization achieve a 

common improvement of performance and stability. As expected, the CoO/Ni2P-Co2P 

electrode delivers a high specific capacity (370.4 mA h g-1 at 3 A g-1) and excellent rate 

performance (63.3% retention after a six-fold increase in the current density). Moreover, 

when employed as the cathode of CoO/Ni2P-Co2P-30//Zn battery, the assembled battery 

exhibits a superior specific capacity (322.8 mA h g-1 at 2 A g-1), a long cycle life (104.9% 

retention after 6000 cycles), together with a favorable energy density (547.5 W h kg-1) 

and a power density (9.7 kW kg-1). Therefore, this study provides a suitable candidate 

which meets the requirements of high-performance cathode materials for ZIBs.  

Keywords: Zinc-ion batteries; CoO/Ni2P-Co2P nanosheet arrays; Oxygen vacancies; 

Heterointerfaces; Partial phosphorization 

 

1. Introduction 

The threats of fossil fuel depletion and worsening environment are looming on the 

horizon. In this case, the research of energy storage devices has become a critical 

subject as we are facing up to a situation in which the demand for efficient and safe 

energy is ever growing. Among various devices, lithium-ion batteries (LIBs) as a 

representative has been developed and utilized commercially, attributed to its unique 

high energy density.1, 2 However, there are several key limiting factors such as safety 
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issues, low power density and high cost hindering their widespread applications.3-5 

Considering these drawbacks, rechargeable aqueous batteries have attracted 

tremendous interests due to the fact that the aqueous electrolyte is nonflammable and 

cost effective.6, 7 In addition, the water-based system provides high ionic conductivity 

for the enhancement of the rate performance.8-11 Particularly, alkaline ZIBs featured 

with high output voltage (≈1.8 V) and high theoretical capacity of Zn anodes (≈820 mA 

h g-1) are of great competitiveness in next-generation energy storage devices.12, 13 

However, the large-scale practical applications of ZIBs are still far from expectation 

owing to the insufficient research on proper cathode materials which has become a main 

bottleneck.14, 15 To address this limitation, great efforts are exerted to explore different 

types of cathode materials with excellent electrochemical properties. 

 

Among various cathode materials of alkaline ZIBs, transition metal oxides, including 

NiO16, Co3O4
17, NiCo2O4

18, have been widely investigated and utilized due to their 

relatively high redox activity and structural stability. Particularly, transition metal 

oxides which are often crafted with three-dimensional structures, are commonly used 

as cathode materials for ZIBs because of their sufficient specific surface area and high 

theoretical capacitance. However, they suffer from limited kinetics during redox 

reactions due to their low intrinsic conductivity.19, 20 To further extend the 

electrochemical performance of transition metal oxides, transition metal phosphide 

materials are investigated and show promise to overcome such shortcomings. 

Phosphorous is featured with lower electronegativity than oxygen. In this case, 
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phosphides and P-doped oxides show enriched density of state near the Fermi level and 

metalloid properties due to the lower metal-phosphorous bond strength, thereby 

weakening the active energy of redox reactions.14, 21-23 They are proved to have 

enhanced electrical conductivity and redox activity. For example, Chen et al 

synthesized a sea-urchin-like Ni-Co-P/POx material by a low temperature phosphating 

method, which shows a specific capacity of 179.7 mA h g-1 at 1 A g-1 and a capacity 

retention of 67% after the current density increases by 50 times.24 Wen et al fabricated 

highly conductive Ni2P nanosheets on carbon fibers by facile phosphating process, the 

Ni2P nanosheet arrays show a capacity of 242 mA h g-1 at 1 A g-1.25 Despite the recent 

progress, transition metal phosphides still suffer from relatively low rate capability 

arising from the fact that phosphides are difficult at sustainably resisting the corrosive 

effects of alkaline electrolyte and maintain structural integrity.26, 27 Compared with 

transition metal phosphides, oxides are often considered to have a more stable structural 

stability to resist the electrolyte corrosion and collapse during cycling.28-31 Conceivably, 

combining transition metal phosphides and oxides together can be imagined as a better 

way to improve the overall electrochemical performance. To the best of our knowledge, 

the partial phosphorization method was rarely used to design an oxide/phosphides 

composites structure. By this way, transition metal oxides are reduced to lower valence 

state metal oxides, transition metal phosphides are formed and oxygen vacancies are 

introduced into the host materials to induce an electron redistribution. The electrons in 

vacancies can be stimulated into the conduction band to create a new gap in the 

conduction band that is favorable for promoting the transferring of charge carriers.32-34 
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Also, heterointerfaces between different components of oxides and phosphides serve as 

fast channel for ion diffusion and charge transfer. Therefore, constructing hierarchical 

nanoarchitecture based on transition metal oxides/phosphides composites with 

abundant active sites and rich oxygen vacancies would be a feasible way to facilitate 

the intrinsic conductivity, reaction kinetics and electrochemical stability of ZIBs.  

 

Based on the above considerations, herein, MOF-derived hierarchical CoO/Ni2P-Co2P 

nanosheet arrays on Ni foam are synthesized by surface chemical reconstruction and 

phosphating treatment for ZIBs. The electrochemical performance of as-prepared 

CoO/Ni2P-Co2P was significantly extended by synergistic effects of oxygen vacancies 

and hierarchical architecture. The optimized CoO/Ni2P-Co2P electrode delivers the 

highest capacity of 370.4 mA h g-1 at 3 A g-1, and 63.3% of its initial value is achieved 

after a six-fold increase of the current density. When assembled into a CoO/Ni2P-Co2P-

30//Zn battery, the device exhibits the highest capacity of 322.8 mA h g-1 at 2 A g-1, 

together with a maximum energy density of 547.5 W h kg-1 at a power density of 3.4 

kW kg-1.  

 

2. Experimental 

2.1. Preparation of Co-MOF and NiCo-LDH/Co(OH)2 nanosheet arrays on Ni 

foam 

All chemicals are of analytical-reagents and used without any further treatment. The 

cobalt-based metal-organic frameworks (Co-MOF) were directly grown on Ni foam 
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under an aqueous reaction condition. Firstly, 2-methylimidazole (2-MIM) (0.4 M, 40 

mL) aqueous solution and Co(NO3)2 · 6H2O (0.05 M, 40 mL) aqueous solution were 

prepared respectively, then the former was quickly poured into the latter followed by 

vigorous stirring for 1 minute. Subsequently, a piece of pre-cleaned Ni foam (1 × 4 cm2) 

was immersed into the solution for 4 h under ambient conditions. After that, the as-

obtained sample was washed by deionized water and then dried in vacuum at 60 °C 

overnight to obtain Co-MOF nanosheet arrays on Ni foam. The as-obtained sample was 

then immersed into Ni(NO3)2 · 6H2O (0.014 M, 40 mL) aqueous solution and remained 

stationary for 90 minutes (30, 60 and 120 minutes for comparison). Finally, the product 

was taken out, washed by deionized water and dried in vacuum at 60 °C overnight to 

obtain NiCo-LDH/Co(OH)2 nanosheet arrays on Ni foam. 

2.2. Preparation of NiCo2O4/NiO and CoO/Ni2P-Co2P nanosheet arrays on Ni 

foam 

To obtain NiCo2O4/NiO, the above-prepared NiCo-LDH/Co(OH)2 nanosheet arrays on 

Ni foam were calcinated in air at 300 °C for 2 h. Subsequently, the as-obtained 

NiCo2O4/NiO and 0.3 g of NaH2PO2 were placed in two separated ceramic boats in a 

furnace with the NaH2PO2 at the upstream of the gas flow. Then the center of the furnace 

was heated up to 300 °C at a rate of 2 °C min-1 in N2 atmosphere, the phosphating 

treatment was kept for 15, 30, 60, and 120 minutes, and the products denoted as 

CoO/Ni2P-Co2P-15, 30, 60, 120, respectively. The mass loading of CoO/Ni2P-Co2P on 

the Ni foam was 1.0-1.2 mg cm-2. 

2.3. Characterization 
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The morphologies and microstructures of the samples were observed and analyzed by 

a scanning electron microscope (SEM; Hitachi, S-4800), a transmission electron 

microscope (TEM; FEI, Talos F200S). The phase compositions and elemental valence 

states analysis were conducted on an X-ray diffractometer (XRD; Rigaku, D/max-2550 

PC) and an X-ray photoelectron spectrometer (XPS; Thermal Fisher, Escalab 250Xi). 

The specific surface area of the sample was measured on a Brunauer-Emmett-Teller 

analyzer (BET; Quantachrome, Autosorb-iQ). Electron paramagnetic resonance (EPR; 

Bruker, A300-10/12) was used to investigate the electron structure. 

2.4. Electrochemical Measurement 

The electrochemical measurements were performed on an Autolab electrochemical 

workstation (PGSTAT302N, Utrecht, The Netherlands). Cyclic Voltammetry (CV), 

galvanostatic charge/discharge (GCD) measurements and electrochemical impedance 

spectroscopy (EIS) were carried out based on a three-electrode configuration with 1 × 

1 cm2 of the as-prepared materials as the working electrode, a saturated calomel 

electrode (SCE) as the reference electrode and a platinum foil (Pt) as the counter 

electrode in a 1 M KOH solution.  

 

As for the assembly of CoO/Ni2P-Co2P//Zn and NiCo2O4/NiO//Zn batteries, 1 × 1 cm2 

of CoO/Ni2P-Co2P and NiCo2O4/NiO were employed as cathode materials respectively, 

1 × 1 cm2 of a commercial zinc plate was employed as the anode, a mixed solution of 

1 M KOH and 0.01 M Zn(CH3COO)2 was employed as the electrolyte. 

2.5. Calculation Principles 
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For the calculations of the electrodes’ specific capacity (mA h g-1), the following 

equation was applied: 

𝐶 =
𝑖 ∆𝑡

𝑚
(1) 

 

Where C is the specific capacity (mA h g-1), i (mA) is the applied discharge current, ∆t 

(h) is the discharge time and m (g) is the mass loading of the active materials. 

The energy density E (W h kg-1) and power density P (W kg-1) are estimated based on 

the following formulas: 

𝐸 = ∫
𝑉 𝑖

𝑚
𝑑𝑡

∆𝑡

0

(2) 

 

 

𝑃 =
𝐸

𝑡
(3) 

 

In which V (V), i (mA), ∆t (h) and m (g) represent the working voltage, discharge 

current and discharge time of the assembled batteries, mass loading of the active 

materials, respectively. 

 

3. Results & discussion 

The detailed fabrication process of MOF-derived hierarchical CoO/Ni2P-Co2P 

nanosheet arrays is schematically demonstrated in Fig. 1. Firstly, well-defined Co-MOF 

nanosheet arrays directly grown on Ni foam substrate are facilely obtained by a room-

temperature solution deposition route.35 Then the substrate is immersed into a Ni(NO3)2 
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solution and keeps stationary. During this process, Ni2+ undergoes a hydrolysis process 

to produce Ni(OH)2 and H+ reversibly, and thus H+ begins to react with 2-MIM linkers 

to continuously etch the Co-MOF and form a deposition layer from the outermost to 

the inner position. Subsequently, the etched samples are calcinated to obtain 

NiCo2O4/NiO nanosheet arrays, and are further annealed in N2 atmosphere at 300 °C 

for 0.5 h with the presence of NaH2PO2, resulting in the oxygen vacancies and surface 

chemical reconstruction of CoO/Ni2P-Co2P nanosheet arrays. The as-prepared 

CoO/Ni2P-Co2P shows great advantages in cathode materials for ZIBs, mainly 

attributed to the following reasons: (i) The hierarchical nanosheets architecture and 

heterointerfaces between different components provide rich electroactive surface area 

and fast ion diffusion channels respectively for boosting redox reactions kinetics. (ii) 

The introduced oxygen vacancies provide extra charges for improving its intrinsic 

electrical conductivity, resulting in the improvement of the electrochemical 

performances. (iii) The combination of metallic transition metal phosphides and stable 

oxides contributes to electrical conductivity enhancement and structural integrity 

synergistically. 
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Fig. 1 Schematic of the synthesis route of the CoO/Ni2P-Co2P nanosheet arrays 

supported on the Ni foam substrate. 

 

As reflected by the scanning electron microscope (SEM) images in Fig. 2a, the surface 

of Ni foam is uniformly covered with Co-MOF nanosheets, and these nanosheet arrays 

can serve as templates for etching and deposition of nickel and cobalt hydroxides. Fig. 

S1 shows the typical morphologies of Co-MOF after the transformation in the presence 

of Ni(NO3)2 with different etching time. It can be clearly seen that more and more 

substantial small-size metal hydroxides nanosheets growing on the surface of Co-MOF 

with the increase of etching time. Obviously, the overall array structures could be well 

preserved after the in-situ transformation, showing good structural stability. In more 

detail, the electrochemical performances of these samples after subsequent 

phosphorization are tested and shown in Fig. S2 and Fig. S3. The sample etched for 90 

minutes is proved to have the highest specific capacity. Fig. 2b and c show the SEM 

images of the NiCo2O4/NiO nanosheet arrays. It is worth noting that the morphology 

of the nanosheets was well preserved after the subsequent calcination process. 
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Subsequently, transmission electron microscopy (TEM) was employed to investigate 

the microstructures of NiCo2O4/NiO sample in detail. From the TEM image in Fig. 2d, 

dense nanosheets can be clearly seen on the single NiCo2O4/NiO nanosheet. And from 

the high-resolution TEM (HRTEM) image in Fig. 2e, lattice fringes with interlayer 

distances of 0.245 nm and 0.209 nm are detected, which correspond well to the (311) 

lattice plane of NiCo2O4 and (200) lattice plane of NiO respectively. Moreover, EDS 

elemental mapping (Fig. 2f) conducted on the single NiCo2O4/NiO nanosheet 

demonstrates that Ni, Co and O elements are uniformly distributing throughout the array. 

These results confirm the NiCo2O4/NiO composites structure obtained after the 

calcination in air. 

 

 

Fig. 2 (a) SEM image of Co-MOF nanosheet arrays; (b, c) SEM images, (d) TEM image, 

(e) HRTEM image and (f) corresponding EDS elemental mapping images of 

NiCo2O4/NiO nanosheet arrays. 
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As shown in Fig. 3a, the typical SEM image of CoO/Ni2P-Co2P indicates that the array 

structure is still well preserved during phosphorization process. Such hierarchical 

nanosheets substantially promote the ion diffusion and charge transfer with more 

electrochemically active sites exposed. As for the TEM image of CoO/Ni2P-Co2P 

nanosheet in Fig. 3b, it can be clearly observed that abundant nanoparticles are created 

and embedded in the nanosheets. These nanoparticles can be assigned to Co2P or Ni2P 

nanoparticles generated from the breaking of the Co (or Ni)-O bond under the PH3 

vapor environment. These newly formed nanoparticles can serve as active sites for fast 

redox reactions to improve electrochemical performance. As exhibited in Fig. S4, the 

BET specific surface area of CoO/Ni2P-Co2P sample was obtained by the nitrogen 

adsorption/desorption isotherms test. CoO/Ni2P-Co2P with a large specific surface area 

of 38.1 m2 g-1 demonstrates the sufficient active surface area for the occurrence of redox 

reactions. The HRTEM image in Fig. 3c shows the lattice spacing of 0.246 nm, 0.209 

nm and 0.221 nm, which correspond well to the (111) lattice plane of CoO, (210) lattice 

plane of Ni2P and (121) lattice plane of Co2P, respectively. Moreover, the EDS analysis 

(Fig. 3d) and elemental mapping image (Fig. 3e) obtained from the CoO/Ni2P-Co2P 

nanosheet verifies the existence and homogeneous distribution of Ni, Co, O and P 

elements.  
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Fig. 3 (a) SEM image, (b) TEM image, (c) HRTEM image, (d) EDS analysis and (e) 

corresponding EDS elemental image of CoO/Ni2P-Co2P sample. 

 

X-ray diffraction (XRD) was adopted to further investigate the conversion of phase 

compositions during the fabrication process. The XRD patterns of Co-MOF and metal 

hydroxides are depicted in Fig. S5. For Co-MOF, the locations of peaks are consistent 

with that of the reported literatures, which verifies the successful preparation of Co-

MOF. For the as-made metal hydroxides, the peaks at 11.0°, 21.9°, 34.1°, 38.5°, 43.9° 

and 60.3° can be indexed to (003), (006), (012), (015), (018) and (110) lattice planes of 
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hydrotalcite-like structure NiCo-LDH.36-38 And the remaining peaks correspond well to 

the characteristic peaks of Co(OH)2 (JCPDS: 02-0925). Thus it can be inferred that the 

metal hydroxides is composed of hydrotalcite-like structure NiCo-LDH and Co(OH)2. 

As reflected clearly by the XRD pattern of CoO/Ni2P-Co2P sample (Fig. 4a), the 

diffraction peaks locate at 30.9°, 41.0°, 51.7° and 75.3° can be indexed to (120), (201), 

(131) and (312) lattice planes of Co2P (JCPDS: 32-0306), respectively. The diffraction 

peaks locate at 40.8°, 44.5°, 47.4°, 54.8 and 74.9° can be indexed to (111), (201), (210), 

(211) and (400) lattice planes of Ni2P (JCPDS: 03-0953), respectively. And the 

diffraction peaks locate at 36.4°, 42.4° and 61.8° can be indexed to (111), (200) and 

(220) lattice planes of CoO (JCPDS: 43-1004), respectively. As for the XRD pattern of 

NiCo2O4/NiO sample (Fig. 4b), the diffraction peaks locate at 31.1°, 36.7°, 55.3°, 59.2° 

and 65.0° are attributed to (220), (311), (422), (511) and (440) lattice planes of NiCo2O4 

(JCPDS: 20-0781), respectively, and the diffraction peaks locate at 42.9°, 62.7° and 

75.3° are attributed to (200), (220) and (311) lattice planes of NiO (JCPDS: 47-1049), 

respectively.  

 

Moreover, X-ray photoelectron spectroscopy (XPS) was used to research the evolution 

of elemental valences of such two samples. As shown in the survey spectra in Fig. 4c, 

the peaks attributed to Ni, Co and O can be identified in both patterns, and the 

appearance of P signal strongly indicates the co-existence of P with Ni, Co and O in 

CoO/Ni2P-Co2P sample. Further evidenced by the P 2p core-level spectra in Fig. 4d, 

two peaks locate at 129.6 eV and 130.5 eV can be assigned to the P element existing in 
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Co-P and Ni-P bonds. And a dominant peak centering at 134.2 eV represents the 

diagnostic peak of phosphate species. In the Co 2p region of NiCo2O4/NiO (Fig. 4e), 

two peaks at 797.0 eV and 781.4 eV are ascribed to Co 2p1/2 and Co 2p3/2 of Co2+, and 

the binding energies at 795.0 eV and 779.5 eV are ascribed to Co3+ with obvious 

shakeup satellites at around 802.9 eV and 787.0 eV. As for the Co 2p spectra of 

CoO/Ni2P-Co2P, Co2+ can be deconvoluted into two peaks at 782.0 eV and 798.1 eV 

with two satellite peaks at 786.5 eV and 803.0 eV. And the binding energies at 778.5 

eV and 793.3 eV might be ascribed to the Co-P bond originating from Co2P, such results 

can also be observed in other CoP-based materials.39, 40 The above-mentioned reasons 

indicate the co-existence of CoO and Co2P due to the partial phosphating. In Fig. 4f, 

one can see the Ni 2p spectra is similar to Co 2p spectra of both samples. For 

NiCo2O4/NiO, two peaks at 871.4 eV and 854.0 eV are ascribed to Ni 2p1/2 and Ni 2p3/2 

of Ni3+, and the binding energies at 873.1 eV and 855.7 eV are ascribed to Ni2+ with 

obvious shakeup satellites at around 879.2 eV and 861.2 eV. As for CoO/Ni2P-Co2P, it 

should be noted that the peaks at 874.8 eV and 856.9 eV could be assigned to the partial 

oxidation of Ni species with two satellite peaks at 880.3 eV and 861.9 eV. Importantly, 

the peaks at 870.6 eV and 853.2 eV can be assigned to Niδ+ in Ni-P species. Evidently, 

after the phosphating treatment, the Ni species in NiCo2O4 were converted into Niδ+ in 

Ni2P.32 In the O 1s spectra (Fig. 4g) of NiCo2O4/NiO, the fitted peaks at 532.4 eV, 531.1 

eV and 529.4 eV correspond to absorbed water (O-H), oxygen vacancies with a low 

oxygen coordination and metal-oxygen bonds, respectively. For CoO/Ni2P-Co2P, the 

intensity of metal-oxygen bonds was extremely weakened due to the formation of 
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metal-phosphorous bonds and the increase of oxygen vacancies.41 Furthermore, 

electron paramagnetic resonance (EPR) was employed to explore the influence of 

phosphating treatment on the coordination of oxygen atoms. As shown in Fig. 4h, one 

can see that the peak intensity at about g = 2.0 of CoO/Ni2P-Co2P is much higher than 

that of NiCo2O4/NiO, indicating the increased number of oxygen vacancies and 

unpaired electrons, which accounts for the increase of lower valence states of Ni and 

Co elements. Specifically, oxygen vacancies introduced by phosphating treatment serve 

as extra active sites for enhancing the reaction kinetics, and modulate the electron 

structures to improve the intrinsic conductivity.  
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Fig. 4 XRD patterns of (a) CoO/Ni2P-Co2P sample and (b) NiCo2O4/NiO sample, (c) 

XPS survey spectra of CoO/Ni2P-Co2P sample and NiCo2O4/NiO sample, (d) P 2p, (e) 

Co 2p, (f) Ni 2p, (g) O 1s high resolution XPS spectra of CoO/Ni2P-Co2P sample and 
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NiCo2O4/NiO sample, (h) EPR spectra of CoO/Ni2P-Co2P sample and NiCo2O4/NiO 

sample. 

 

The electrochemical properties of these electrodes are demonstrated in a three-electrode 

configuration in 1 M KOH electrolyte. The cyclic voltammetry (CV) curves of 

CoO/Ni2P-Co2P and NiCo2O4/NiO electrode are compared at the scan rate of 10 mV s-

1 as shown in Fig. 5a. Obviously, the enclosed curve of CoO/Ni2P-Co2P electrode has 

much greater integrated area than the other one, indicating the enhanced specific 

capacity of CoO/Ni2P-Co2P electrode. Fig. 5b clearly displays CV curves of CoO/Ni2P-

Co2P electrode at different scan rates from 10 to 50 mV s-1. With the increase of scan 

rates, these CV curves show typical redox peaks, remain almost symmetric shape and 

notably high current densities, indicating the reversible and ultra-stable redox reactions. 

The CV curves of NiCo2O4/NiO electrode at various scan rates are also demonstrated 

in Fig. S6. Moreover, the NiCo2O4/NiO sample treated at different phosphating time of 

15, 30, 60 and 120minutes were obtained, from the discharge curves (Fig. 5c) of 

different samples tested at the current density of 3 A g-1, it was found that the specific 

capacity of CoO/Ni2P-Co2P-30 up to 370.4 mA h g-1 significantly exceeds those of 

NiCo2O4/NiO (75.0 mA h g-1) and CoO/Ni2P-Co2P-15, 60, 120 (303.8 mA h g-1, 287.1 

mA h g-1, 207.1 mA h g-1, respectively). Fig. 5e shows the specific capacities as a 

function of current densities calculated based on the discharge curves (Fig. 5d and Fig. 

S7). The specific capacity of CoO/Ni2P-Co2P-30 electrode can reach up to 370.4, 300.8, 

273.8, 256.7, 245.4, 234.5 mA h g-1 at 3, 6, 9, 12, 15, 18 A g-1, respectively. Importantly, 
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the CoO/Ni2P-Co2P-30 electrode shows a capacitance retention of 63.3% when the 

current density increases from 3 to 18 A g-1. The as-prepared CoO/Ni2P-Co2P-30 

electrode outperforms many counterparts reported before, for example, R-Co3O4 

nanosheets (212.6 mA h g-1 at 2 mA cm-1)42, Co-doped NiMoO4 nanosheets (361.4 mA 

h g-1 at 3 A g-1)15, Co3S4 nanosheets (348 mA h g-1 at 1 A g-1)43, Ni3S2@PANI (247.6 

mA h g-1 at 11.4 A g-1)44, sd-NiCo2S4-x@CC (298.3 mA h g-1 at 0.5 A g-1)45, Ni-NiO@CC 

(184 mA h g-1 at 0.625 A g-1)16. The enhanced specific capacity of the CoO/Ni2P-Co2P-

30 electrode is mainly attributed to the improved electrical conductivity and reaction 

kinetics caused by introducing oxygen vacancies and surface chemical reconstruction 

from the phosphating process. To further evaluate the cycling stability of CoO/Ni2P-

Co2P-30 electrode, cycling test was conducted at 60 mV s-1 and the profiles were plotted 

in Fig. 5f. After 8000 cycles, above 88% of its initial capacity is maintained. Moreover, 

we compared the Nyquist plots (inserted in Fig. 5f) before and after cycling test to 

evaluate the overall cycling performance. It is found that the internal resistance (Rs) of 

CoO/Ni2P-Co2P-30 electrode before (1.4 Ω) and after (1.6 Ω) cycling remained almost 

unchanged. The slope in low-frequency is nearly the same, indicating the ion diffusion 

rate of the cycled electrode is as fast as the initial one, only with an increase in the 

diameter of semicircle in the high-frequency, which suggests a weakened charge 

transfer rate. The excellent cycling stability can be attributed to the rigid hierarchical 

nanosheets structure avoiding the collapse of the active materials. Theoretically, the 

charge storge mechanism of CoO/Ni2P-Co2P-30 electrode is estimated based on the 

relationship between peak currents (i) and the square root of scan rates (v1/2). The linear 
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fitting of the relationship depicted in Fig. S8 demonstrates that the oxidation and 

reduction reactions are typical diffusion-controlled process.  

 

 

Fig. 5 (a) Comparison of CV curves for CoO/Ni2P-Co2P-30 electrode and 

NiCo2O4/NiO electrode at 10 mV s-1, (b) CV curves tested at various scan rates of 

CoO/Ni2P-Co2P-30 electrode, (c) discharge curves tested at 3 A g-1 of NiCo2O4/NiO 

and CoO/Ni2P-Co2P electrodes treated at different phosphating time, (d) discharge 

curves tested at various current densities of CoO/Ni2P-Co2P-30 electrode, (e) 

comparison of specific capacities at various current densities for NiCo2O4/NiO and 

CoO/Ni2P-Co2P electrodes and (f) cycling stability of CoO/Ni2P-Co2P-30 electrode at 

60 mV s-1 and the inserted Nyquist plots of it before and after cycling. 

 

For assessing the utilization potential of our CoO/Ni2P-Co2P-30 cathode, a CoO/Ni2P-

Co2P-30//Zn alkaline battery was constructed with a Zn plate as the anode, CoO/Ni2P-

Co2P-30 as the cathode, the mixed solution of 1 M KOH and 0.01 M Zn(CH3COO)2 as 



21 
 

the electrolyte. The charge transfer and ion diffusion processes happen in CoO/Ni2P-

Co2P-30//Zn battery are schematically shown in Fig. 6a. Fig. 6b displays the CV curves 

of CoO/Ni2P-Co2P-30//Zn at scan rates of 10, 20, 30, 40, 50 mV s-1 within a wide range 

of operating voltage (1.4-2.0 V). The curves remain almost symmetric shape with 

apparent redox peaks despite of increased scan rates, and the curves reach considerable 

current densities, demonstrating the highly reversible, stable and active redox reactions 

occurred in the battery. For comparison, the CV curves of NiCo2O4/NiO//Zn battery are 

displayed in Fig. S9a. For CD profiles, it can be seen in Fig. 6c that the galvanostatic 

charge/discharge (GCD) curves exhibit ultra-flat discharge plateaus and high 

Coulombic efficiency with the current densities varying from 2 to 6 A g-1, and the 

discharge voltage located at about 1.55-1.7 V. More importantly, the CoO/Ni2P-Co2P-

30//Zn battery delivers a satisfactory capacity of 322.8, 266.6, 186.1, 127.1, 84.2 mA h 

g-1 at a current density of 2, 3, 4, 5, 6 A g-1, respectively. Moreover, the comparison of 

the specific capacities for CoO/Ni2P-Co2P-30//Zn battery and NiCo2O4/NiO//Zn (Fig. 

S9b) battery are depicted in Fig. 6d, the CoO/Ni2P-Co2P-30//Zn battery offers a three 

times higher capacity (322.8 mA h g-1) than the latter one (103.5 mA h g-1). Furthermore, 

we conducted the GCD measurements at a series of gradually increased current 

densities to exemplify the rate performance and Coulombic efficiency as shown in Fig. 

6e. Notably, when cycles are performed for ten times at each current density of 2, 3, 4, 

5, 6 A g-1, the CoO/Ni2P-Co2P-30//Zn battery still achieves an average capacity of 333.5, 

288.9, 210.3, 147.0, 109.9 mA h g-1, respectively. Particularly, when the current density 

returns to 2 A g-1, the capacity can still recover to an average level of 363.2 mA h g-1 
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after 50 cycles. Notably, the Coulombic efficiency always exceeds the value of 90%. 

To further understand the overall cycling stability of the CoO/Ni2P-Co2P-30//Zn battery, 

cycling test was conducted at a scan rate of 30 mV s-1 as depicted in Fig. 6f. After 6000 

cycles, about 104.9% of its initial value can be maintained. 
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Fig. 6 (a) Schematic illustration of charge transfer and ion diffusion in CoO/Ni2P-Co2P-

30//Zn battery, (b) CV curves at various scan rates and (c) GCD curves at various 

current densities of CoO/Ni2P-Co2P-30//Zn battery, (d) comparison of specific 

capacities at various current densities for CoO/Ni2P-Co2P-30//Zn battery and 

NiCo2O4/NiO//Zn battery, (e) rate performance of CoO/Ni2P-Co2P-30//Zn battery and 

(f) cycling performance of CoO/Ni2P-Co2P-30//Zn battery. 

 

Energy density and power density are two critical parameters for determining the 

practical commercial value of energy storage devices. Noticeably, the CoO/Ni2P-Co2P-

30//Zn battery exhibits desirable energy density and power density as evidenced in the 

Ragone plot of Fig. 7a. A remarkable energy density of 547.5 W h kg-1 is delivered 

based on the mass of the active materials at a power density of 3.4 kW kg-1. Even though 

at 9.7 kW hg-1, the energy density can reach up to 135.6 W h kg-1. Evidently, the as-

assembled battery shows fantastic electrochemical properties, surpassing many of the 

similar studies reported before, such as Ni/NiO-BCF//Zn (313.4 W h kg-1 at 0.66 kW 

kg-1)46, R-Co3O4//Zn (295.5 W h kg-1 at 0.84 kW kg-1)42, Co3O4@NiV-LDH//Zn (143.5 

W h kg-1 at 1.14 kW kg-1)47, NNA@CNH//NNA@Zn (148.54 W h kg-1 at 1.725 kW kg-

1)19, CCH@CMO//Zn (235 W h kg-1 at 1.97 kW kg-1)48, HD-NiS2/rGO-5//Zn (357.7 W 

h kg-1 at 1.75 kW kg-1)49, CC/Co@NCNTs/α-Ni(OH)2//Zn (540.4 W h kg-1 at 1.72 kW 

kg-1)50 and NiS/Ni0.95Zn0.05(OH)2//Zn (237 W h kg-1 at 5.87 kW kg-1)51. To demonstrate 

the practical value of our assembled devices, two as-fabricated CoO/Ni2P-Co2P-30//Zn 

batteries were connected in series which can light up seven green LEDs when charged 



24 
 

at a constant current of 3 mA over to 3.5 V. 

 

 

Fig. 7 (a) Ragone plot comparing the energy density and power density of CoO/Ni2P-

Co2P-30//Zn battery with those of other devices and (b) digital photograph of two 

CoO/Ni2P-Co2P-30//Zn batteries in series powering seven LEDs. 

 

4. Conclusions 

In summary, the MOF-derived hierarchical CoO/Ni2P-Co2P nanosheet arrays supported 

on a Ni foam substrate are successfully fabricated through surface chemical 

reconstruction and phosphating process. The CoO/Ni2P-Co2P materials shows 

hierarchical nanoarchitecture with large specific surface area for enhancing the 

exposure of active materials. More importantly, rich oxygen vacancies are introduced 

into the active materials to modulate the electron structures, thereby enhancing its 

intrinsic conductivity and reaction kinetics. The heterointerfaces between transition 

metal phosphides and oxide composites serve as fast channel for ion diffusion and are 

beneficial for maintaining the structural integrity. Benefiting from these merits, 

favorable electrochemical performances are achieved on the CoO/Ni2P-Co2P electrode. 
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The optimized CoO/Ni2P-Co2P electrode delivers a high specific capacity of 370.4 mA 

h g-1 at 3 A g-1, which significantly exceeds that of Co3O4/NiCo2O4 (75.0 mA h g-1), and 

retains its 63.3% at a current density of 18 A g-1. When assembled into the CoO/Ni2P-

Co2P-30//Zn battery, the system exhibits an admirable specific capacity of 322.8 mA h 

g-1 at 2 A g-1, superior cycling stability (104.9% retention after 6000 cycles), together 

with a favorable energy density (547.5 W h kg-1) and a power density (9.7 kW kg-1). 

Such exceptional performances of our CoO/Ni2P-Co2P make it a promising candidate 

for cathode materials in aqueous alkaline batteries. 
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