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Abstract 

The fabrication of interpenetrated heterostructures from desirable energy materials for the 

development of efficient supercapacitor devices is promising yet challenging. Herein, a leaf-

shaped cobalt phosphide/cobalt oxide heterostructure, (CoPx)1-y/CoOy (0.44 > y > 0.06), was 

synthesized from a 2D-zeolitic-imidazolate-framework (ZIF-Co-L) molecular precursor via the 

phosphidation of the Co3O4 intermediate. The efficient construction of heterostructure through 

the variation of the surface/bulk composition significantly alters the interfacial properties and 

the electronic structure, yielding enhanced performance. Further, gas-phase phosphidation 

entails a core–shell phase formation mechanism via gas diffusion regulated by the Kirkendall 

effect. The optimized heterostructure (y=0.10) exhibits remarkable interfacial properties derived 

from the CoO/Co0/CoP interface, thus facilitating a high specific capacitance (466 F g-1 at 5 A 

g-1) and excellent cycling stability (~91% after 10000 cycles) at 30 A g-1. A further increase in 

the cyclability (~107%) was achieved by employing a graphene hybrid. Further, an asymmetric 

supercapacitor device was fabricated, that delivers a high energy density of 12.7 Wh kg-1 at a 

power density of 370 W kg-1 and cycling stability ~93% of the initial energy after 10000 cycles. 

This study reports on the modulation of the interfacial properties of CoPx/CoO heterostructure 

to enhance energy storage performance via bulk/surface compositional variation, thereby 

providing a strategy to develop heterostructured electrodes for high-performance supercapacitor.  

 

Keywords: Supercapacitor; cobalt phosphide; cobalt monoxide; heterostructure; zeolitic-

imidazolate framework 
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1. Introduction 

The need for the development of eco-friendly and sustainable electrochemical energy storage 

devices, viz., batteries and supercapacitors, has received substantial attention owing to the 

rapid depletion of natural resources and the rise in global warming.[1] Among them, 

supercapacitors are the most promising energy storage devices because of their fast charge–

discharge property, high power density, good rate capability, and long cycle life.[2, 3] 

Battery-type electrodes (NiO, Co3O4, Ni(OH)2) exhibit superior charge-storage behavior in 

supercapacitors compared to that of pseudocapacitive (MnO2) and electric double layer 

capacitor (EDLC; carbon) materials; this is because of their high theoretical capacity, fast 

redox activity, and excellent electronic conductivity.[4] Nevertheless, battery-type electrodes 

exhibit poor cycle life and low Faradaic behavior. Thus, multi-component electrodes have 

been demonstrated to be ideal alternatives for augmenting charge storage by exploiting 

complementary properties of the components. Particularly, heterostructures formed by multi-

component electrodes offer novel interfacial properties, unique electronic structures at the 

interface, and synergistic effects of discrete units, yielding enhanced energy storage for 

supercapacitor devices.[5-7]  

 Transition metal phosphides (TMP), particularly cobalt phosphide, have been widely 

explored as electrocatalysts for the oxygen evolution reaction (OER) owing to the electronic 

richness of the metal surfaces of phosphides.[8] Recently, TMP have gained attention for 

application as a promising electrode in supercapacitors; notably, this is because of their 

metalloid behavior, exceptional electronic conductivity, and rich redox reaction kinetics in 

alkaline media.[7] Thus far, reports on TMP phosphide (CoP, Ni2P) electrodes for 

supercapacitors have been sparse owing to the poor structural stability of such electrodes.[9, 10] 
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Alternative electrodes, viz., transition metal oxides, specifically CoO, yield a high theoretical 

capacitance (~4000 F g-1)[11] and structural stability; further, they are abundant and economical. 

Nevertheless, they are largely hindered by poor electrical conductivity.[12, 13] For instance, 

cobalt phosphide has superior electronic conductivity (3.17 S cm-1) compared to Co3O4 (10−4 to 

10−2 S cm-1).[14] Hence, the development of multi-component electrodes by hybridizing 

conductive metal phosphides and metal oxides with high theoretical capacitance can produce 

complementary properties, synergistic effects, and unique interfacial/electronic properties 

beneficial for fabricating efficient supercapacitors.[15] Recently, a CoPx/CoO hybrid catalyst 

has been reported as a high-efficiency bifunctional electrocatalyst for lithium–air battery. This 

is based on the ensemble effect of the exceedingly OER-active CoP and highly active CoO 

catalysts that promote the oxygen reduction reaction (ORR).[12] Moreover, enhanced catalytic 

activity was attained through the efficient modulation of electronic structure by lateral coupling 

of components derived from a layered double hydroxide precursor.[16] This study focused on 

the structural design and related aspects of Li–air batteries; however, it neglected the effect of 

the compositional variation of each component on electrocatalytic performance. Despite a lack 

of reports on CoPx/CoO-based hybrids for supercapacitors, it is expected that the compositional 

engineering of such hybrids would significantly broaden the scope for further advancement in 

energy storage performance.  

 Zeolitic imidazolate frameworks (ZIFs), an important subclass of metal–organic frameworks 

(MOFs), have gained interest owing their unique framework and robust structural, chemical, 

and thermal stability; further, they have been demonstrated to be promising precursors for 

transition metal-based energy materials.[17] A ZIF consists of transition metal centers (Zn, Co) 

tetrahedrally linked to an imidazole organic linker, and it can exhibit myriad structural 
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variations, dimensionalities (2D/3D), and morphological features (cube, leaf-like, 

polyhedron).[17] Substantial effort has been focused on 3D ZIF precursors [ZIF-8(Zn), ZIF-

67(Co)] owing to their excellent stability, large surface area, rich porosity, and unique 

polyhedron morphology.[18, 19] However, 3D ZIF-derived nanostructures exhibit relatively 

low electron transport because of high dimensionality and poor interparticle connectivity due to 

the intrinsic limitations of their morphologies. Post-treatment preserves the structural features 

of the ZIF precursor in the derived electrode material; furthermore, it creates hollow features, 

yielding fast mass transfer and exposed active sites, thereby boosting the energy storage 

capacity.[20] In contrast to 3D ZIF-derived hybrid, 2D ZIFs (particularly ZIFs with a leaf-like 

morphology that are made of Zn/Co) can possess a favorable 2D layered structure with a large 

surface area, facile electron transport, high utilization of active sites, and a leaf-like morphology 

(such ZIFs are denoted as ZIF-L, where L refers to a leaf-like morphology).[20] The 

construction of heterostructures on 2D layered structures facilitates lateral coupling, efficient 

interface formation, and favors synergism, thereby promoting the energy storage performance 

of 2D-ZIF-derived heterostructures.  

 Herein, we constructed a Co-based hybrid heterostructure to modify the electronic structure 

of the electrode material and enhance the energy storage capacity of supercapacitors. A 

CoPx/CoO heterostructure with a leaf-like morphology was synthesized from a two-dimensional 

(2D) Co-based ZIF (ZIF-Co-L) as a molecular precursor via low-temperature two-step phase 

transformations: oxidation (Co3O4 intermediate) and controlled phosphidation. An effective 

reduction in the heterojunction resistance was realized through the controlled phase 

transformation of the ZIF-Co-L molecular precursor under varied proportions of phosphorous. 

Consequently, a remarkable charge-storage performance for supercapacitors was achieved. The 
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unique structure and morphological features facilitate access to electroactive sites and good 

contact with the electrolyte, significantly enhancing the capacitance and durability upon cycling. 

Besides, a graphene-based heterostructure with the graphene encapsulation of 2D leaf-like 

CoPx/CoO was fabricated to enhance cycling stability. Further, an asymmetric supercapacitor 

device with a CoPx/CoO heterostructure was fabricated. This device exhibited superior energy 

density with a high cycling stability, which is attributed to the interfacial and synergistic effect 

of the CoPx and CoO components of the heterostructures.  

2. Experimental section 

2.1 Materials 

Cobalt nitrate hexahydrate (98%), 2-methylimidazole (99%), poly(vinylideneflouride), and 

potassium hydroxide (reagent grade), zinc nitrate hexahydrate (98%), and carbon cloth were 

purchased from Sigma-Aldrich. Graphene oxide was purchased from Standard Graphene, South 

Korea. Acetylene black was purchased from Denka, Japan. Further, n-methylpyrrolidone (ACS 

grade) and methanol (pure grade) were purchased from Duksan Pure Chemicals, South Korea. 

All the chemicals were used as received without any further purification. Millipore water was 

used for all the experiments. 

2.2 Synthesis of the ZIF-Co-L and ZIF-Co-L/GO precursors. The ZIF-Co-L precursor was 

synthesized using aqueous solutions of cobalt nitrate and 2-methylimidazole (mIm) with a mIm 

to Co ion molar ratio of 8. In a typical procedure, 2 mmol of Co(NO3)2·6H2O and 16 mmol of 

mIm were dissolved separately in 45 mL of DI water. Then, the two solutions were mixed by 

stirring for 3 h. The as-obtained product was then washed with DI water five times, collected 

via centrifugation (8000 rpm/2 min), and dried overnight at 70 °C to obtain violet-colored 

crystals. The ZIF-Co-L/graphene oxide composite (ZIF-Co-L/GO) was synthesized by 
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dissolving the same molar ratio of Co/mIm in 40 mL of DI water, which was followed by the 

immediate addition of 10 ml of GO solution (0.0873 g of GO in 10 ml of DI water). The 

mixture was then stirred for 3 h and the subsequent procedures were similar to that for the 

pristine ZIF-Co-L precursor. The weight ratio (wt%) of cobalt nitrate to GO was fixed at 1:10, 

for the GO composite. 

2.3 Synthesis of the Co3O4-L and Co3O4-L/GO intermediates. Co3O4-L was synthesized 

through the calcination of ZIF-Co-L at 400 C for 2 h in air, at a heating rate of 1 C min-1. To 

synthesize the Co3O4-L/GO composite, a two-step heating method was employed. First, the GO 

in the ZIF-Co-L/GO was reduced to RGO. This was followed by its conversion to the oxide, 

Co3O4-L. ZIF-Co-L/GO was heated at 700 C for 10 min under an Argon atmosphere at a 

heating rate of 5 C min-1 for the reduction of GO. Subsequently, the heat-treated ZIF-Co-L/GO 

was calcined at 400 C for 2 h in air at a rate of 1 C min-1 to obtain Co3O4-L/GO.  

2.4 Synthesis of the CoPx/CoO and CoPx/CoO-RGO heterostructures. CoPx/CoO and 

CoPx/CoO-RGO were obtained by in-situ selective phosphidation of the Co3O4-L and Co3O4-

L/GO precursors, respectively. The phosphidation reaction was performed by placing Co3O4-L 

and NaH2PO2 (phosphorous source) in two separate alumina boats inside a tubular furnace; the 

NaH2PO2 boat was positioned upstream to induce a reaction between the solid Co3O4-L and the 

evolved PH3 gases from the NaH2PO2 precursor. The samples were then heated at 350 C for 2 

h at a heating rate of 2 C min-1 under an Argon atmosphere. Then, the samples were cooled to 

ambient temperature (25 C). The cobalt phosphide and cobalt oxide phases in the 

heterostructure were regulated by altering the quantity of the phosphorous (NaH2PO2) precursor 

in the phosphidation process. Three different phosphorous contents were employed at variable 
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weight ratios of Co3O4-L to NaH2PO2, namely 1:20, 1:40, and 1:100 wt%, and the resulting 

product was labelled as CoPx/CoO-wt% of P and the labels are abbreviated as CPx/CO-20, 

CPx/CO-40, and CPx/CO-100, respectively. The CoPx/CoO-RGO composite was prepared by 

phosphodizing Co3O4-L/GO with 40 wt% of NaH2PO2, denoted as CoPx/CoO-40-RGO and 

abbreviated as CPx/CO-40-RGO. 

2.5 Synthesis of N-doped porous carbon@graphene (NPC@rGO) sheets as the negative 

electrode for an asymmetric supercapacitor device. NPC@rGO was synthesized from a Zn0.9-

Co0.1-ZIF@GO precursor (consisting of 10 wt% of Co nitrate and 90 wt% of Zn nitrate) that 

was calcined at 800 oC in an argon atmosphere. Further, 0.329 g of Zn(NO3)2·6H2O and 0.037 g 

of Co(NO3)2·6H2O were dissolved concurrently in 12 ml of methanol, and 0.811 g of mIm was 

dissolved in 20 ml of methanol. The metal nitrate and mIM solutions were combined to obtain a 

clear solution. Then, 8 ml of the GO solution (composed of 1 mg ml-1 in water/methanol, 1:4 

v/v) was added to the above solution mixture and stirred for 3 h. After stirring, a grey powder 

was collected by centrifugation and washed with methanol five times. The samples were dried 

at 50 oC overnight and denoted as Zn0.9-Co0.1-ZIF@GO. The Zn0.9-Co0.1-ZIF@GO precursor 

was further calcined at 800 oC for 5 h in an argon atmosphere. Then, the obtained carbon 

composite was immersed in 2 M HCl aqueous solution for 12 h and collected by centrifugation 

and washing with water multiple times. The samples were dried at 80 oC overnight, and the 

finally obtained sample was denoted as NPC@rGO.  

2.6 Electrochemical characterizations: The electrochemical analysis of the samples was 

conducted by coating the synthesized active materials (80 wt%), acetylene black (10 wt%), and 

poly(vinylidenefluoride) (10 wt%) onto a carbon cloth substrate with an area of ∼1 cm2 and 

then dried at 100 C for 12 h. The mass loading of the active material was maintained in the 
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range of ~2.2 to 2.8 mg cm-2. Electrochemical studies were performed using a three-electrode 

system with a Pt plate and Hg/HgO as the counter electrode and reference electrode, 

respectively, in a 2 M aqueous KOH electrolyte. The electrochemical measurements, namely, 

cyclic voltammetry (CV), galvanostatic charge–discharge (GCD) measurements, and 

electrochemical impedance spectroscopy (EIS), were carried out on a PARSTAT 

electrochemical workstation. EIS was performed in the frequency range of 105 to 0.01 Hz, with 

an AC potential amplitude of 5 mV. The specific capacitance (Cm, F g-1) of the electrode was 

calculated based on the galvanostatic charge–discharge curves using the following equation:[21] 

                       𝐶𝑚 =
I × ∆t

m × ∆V
                                   (1) 

where I (A) is the discharge current, Δt (s) is the discharge time, ΔV (V) indicates the potential 

window, and m (g) is the mass of the active material. 

 The asymmetric supercapacitor device was fabricated based on a two-electrode assembly 

comprising the synthesized CoPx/CoO-40 active material and NPC@rGO as the positive and 

negative electrodes, respectively; the device was then tested using the 2 M KOH electrolyte. 

The mass loading of the positive and negative electrodes of the two-electrode device was optimized 

based on equation (2). 

           
𝑚+

𝑚−
=

𝐶− × ∆𝑉−

𝐶+ × ∆𝑉+
                         (2) 

The energy density (E) and power density (P) of the two-electrode cell were calculated using 

equations (3) and (4), respectively.[22] 

                     𝐸 =
𝐶𝑚 × ∆𝑉2

7.2
                             (3) 

                      𝑃 =
𝐸 × 3600

∆t
                             (4) 
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2.7 Materials characterization: Powder X-ray diffraction (PXRD) of the samples was 

performed using a 3D-High-resolution EMPyrean/PANalytical XRD analyzer with Cu Kα 

radiation at a step size of 0.01° and a Bragg’s angle range of 10° ≤ 2θ ≤ 100°; each sample was 

measured for 1 h. Rietveld refinement was performed using FullProf Suite.[23],[24] The refined 

instrumental parameters were zero point displacement and background. The refined structural 

parameters for all phases were scale factor, unit cell parameters, and the peak profile based on 

the Thompson–Cox–Hastings pseudo-Voigt (TCHpV) profile parameters.[24] The instrumental 

resolution was considered by refining the TCHpV profile parameters for the Si standard and 

including them in an instrumental resolution file (*.irf) employed in the refinements. The initial 

model for the Rietveld refinement of the CoP, Co2P, and CoO phases was obtained from 

relevant literature.[25-27] For analyzing the nanostructure of the samples, field emission-

scanning electron microscopy (FE-SEM) and high-resolution transmission electron microscopy 

(HR-TEM) were performed using a Hitachi S-4800 and FEI Tecnai F20 (200 kV), respectively, 

at the Korea Basic Science Institute (KBSI), Gwangju center, South Korea. Laser Raman 

spectra were also collected at KBSI using a Horiba Jobin Hyon ARAMIS with backscattering 

geometry. X-ray photoelectron spectra (XPS) measurements were performed using a VG 

Multilab 2000 with Al as the target anode for X-ray generation. The X-ray photon energy (Al 

Kα) was 1480 eV, with a line width of 0.5 eV. Moreover, Fourier transform infrared (FT-IR) 

measurements were recorded using a PerkinElmer Spectrum 400 with KBr pellets, in a 

wavenumber range of 400 to 4000 cm-1, at the Centre for Development of Fine Chemicals 

(CDFC), Chonnam National University, South Korea. The Brunauer–Emmett–Teller (BET) 

specific surface area was determined via nitrogen adsorption–desorption at 77 K on a Belsorp 

mini analyzer. 
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3. Results and discussion 

The general synthesis strategy for fabricating a leaf-like CoPx/CoO heterostructure is illustrated 

in Figure 1a. The CoPx/CoO heterostructure was synthesized using a metastable 2D leaf-like 

Co-based ZIF-Co-L molecular precursor as a sacrificial template via a two-step phase 

transformation process: calcination to Co3O4-L and a consequent controlled phosphidation step. 

The typical synthesis involved a simple self-assembly approach using the reaction of 

Co(NO3)3∙6H2O and 2-methylimidazole in an aqueous solution at room temperature to yield a 

violet-colored precipitate of the ZIF-Co-L precursor. The organic imidazolate molecules act as 

a bridging ligand to chemically coordinate the cobalt ions through a self-assembly approach, 

thus forming the ZIF framework, which serves as a molecular precursor. Note that ZIF-Co-L, a 

metastable phase, can only be formed when the molar ratio between the organic linker and Co 

ions is ≤8; when this ratio is exceeded, the leaf-like ZIF-Co-L transforms to stable polyhedrons 

of ZIF-67 with a completely different structure and morphology.[28] The GO-draped ZIF-Co-L 

composite was synthesized using a similar procedure, except for the addition of the GO solution, 

which favored a strong binding interaction between the Co ions of the ZIF-Co-L framework and 

the oxygen sites of the GO (Figure S1a, Supporting information). The successful formation 

of ZIF-Co-L was confirmed via PXRD, which confirmed the high crystallinity of the sample, as 

shown in Figure 1b; this is in good agreement with previously reported results regarding ZIF-

Co-L.[29] Furthermore, ZIF-Co-L is a 2D layered cobalt imidazolate framework with the 

composition Co(mIm)2-(HmIm)1/2(H2O)3/2 that forms unique cushion-shaped cavities 

comparable to its parent, ZIF-Zn-L.[28, 30] Identical diffraction patterns were obtained for the 

ZIF-Co-L and ZIF-Co-L/GO precursors, indicating that the ZIF-Co-L crystal structure is well 
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preserved in the presence of GO (Figure S1b, Supporting information). The ZIF-Co-L 

molecular precursor was then converted to its oxide via calcination in air at 400 C at a slow 

heating rate of 2 C min-1. The PXRD pattern of the oxide product shows the characteristic 

diffraction peaks of the cubic Co3O4 structure (Figure 1c). The Co3O4 forms a spinel structure 

with Co3+ ions in the distorted octahedral (CoO6) coordination and Co2+ ions in the tetrahedral 

(CoO4) coordination in a cubic close-packed lattice of oxide ions. The graphene feature at 26 

cannot be seen in Co3O4-L/GO, which may be due to the unreduced GO sheets and increased 

oxygen functional groups on the GO sheets during thermal annealing in air (Figure S1c, 

Supporting information). Furthermore, the morphologies of the as-obtained ZIF-Co-L and 

Co3O4-L precursors were analyzed using FE-SEM and TEM. The ZIF-Co-L framework 

exhibited a 2D leaf-shaped morphology, with lengths ranging from ~2 µm to several µm and a 

thickness of ~210 nm, as shown in Figure 1d, e. A considerable decrease in the lengths of the 

ZIF-Co-L leaves (≤1 µm) was observed in the presence of GO (Figure S1f, Supporting 

information); this indicates the size-controlling effect due to the homogenous anchoring of 

leaf-shaped microcrystals on the GO surface. The leaf-shaped morphology was preserved in the 

oxide phase after thermal annealing of the pristine ZIF-Co-L and ZIF-Co-L/GO composite, 

(Figure S1g-h, Supporting information). Similarly, Co3O4-L/GO exhibited a smaller leaf 

structure (≤250 nm) than that observed in Co3O4-L; this was owing to the evaporation of H2O 

and CO2 molecules from the GO, the decomposition of organic linkers from the ZIFs of ZIF-

Co-L/GO, and the lower surface roughness of the GO sheets due to the air annealing effect. The 

highly crystalline nature of Co3O4-L was reaffirmed by the bright spots observed through 

selected area electron diffraction (SAED); further, a diffused line observed in the case of 
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Co3O4-L/GO indicates its nanocrystalline nature, which arises from the smaller leaf crystals that 

occur in the presence of GO (Figure S2, Supporting information).  

 

 

Figure 1. Synthesis scheme of leaf-shaped CoPx/CoO and structural analysis of precursors. 

(a) Scheme for synthesis of CoPx/CoO heterostructures; Powder XRD of (b) ZIF-Co-L and (c) 

Co3O4-L precursors; (d) SEM and (e) TEM of ZIF-Co-L precursor; (f) SEM and (g) TEM 

images of Co3O4-L precursor.  

 

 

 Consequently, selective phosphidation of the Co3O4-L intermediate, performed by low-

temperature calcination at 350 C in the presence of sodium hypophosphite (NaH2PO2∙H2O), 

resulted in the formation of the CoPx/CoO heterostructure. Typically, a phosphidation reaction 

with NaH2PO2 proceeds through a solid–gas reaction between solid Co3O4-L and PH3 gas (P 

precursor) generated during the thermal decomposition of NaH2PO2 at 350 C.[31] Composition 

engineering of the phosphide and oxide phases was performed by regulating the weight ratios of 

the NaH2PO2∙H2O and Co3O4-L precursors. Note that high-temperature phosphidation (>400 C) 
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would result in complete conversion to the phosphide (CoP, Co2P) phase, rather than the 

desired mixture of the oxide and phosphide phases.[32] The weight ratios between Co3O4-L and 

NaH2PO2∙H2O were altered to perform controlled phosphidation: Three different weight ratios 

were employed, viz., 1:20, 1:40, and 1:100 wt%, and the obtained products were labeled as 

CPx/CO-20, CPx/CO-40, and CPx/CO-100, respectively, denoting a CoPx/CoO heterostructure. 

Likewise, a graphene (RGO)-draped CoPx/CoO heterostructure was derived via the 

phosphidation of the Co3O4-L/GO intermediate. The influence of the phosphorus precursor on 

the crystal structure, at varied weight ratios, was analyzed using PXRD and is shown in Figure 

2a. The PXRD patterns of the phosphorized products are completely different from those of the 

initial Co3O4-L precursor, suggesting the complete transformation of the Co3O4-L into a new 

product. Furthermore, the characteristic peaks of orthorhombic CoP (space group, SG: Pnma), 

orthorhombic Co2P (SG: Pnma), and cubic CoO (SG: Fm3̅m) were evident, implying the 

conversion of the Co3O4-L to a mixture of the Co-P (CoP, Co2P) and CoO phases. In the 

orthorhombic CoP structure, CoP6 octahedra in which Co3+ is edge-shared with neighboring 

octahedra are formed, whereas CoO adopts a cubic phase, forming CoO6 octahedra where Co2+ 

is corner-shared with neighboring octahedra (Figure 2b). As the P precursor amount increased 

during phosphidation, the phosphide (CoP, Co2P) phase formation dramatically escalated, 

leading to a dominant CoPx (CoP+Co2P) phase while significantly reducing the oxide (CoO) 

phase. The quantification of the CoP, Co2P, and CoO components would provide insights into 

the role of each component and the corresponding phase-driven supercapacitive properties. 

Hence, Rietveld refinement was performed on the PXRD data, and phase fractions of individual 

components were estimated and presented in Figure 2b (Figure S3, Supporting information). 

The refinement studies ascertained the increase in the CoPx phase from 56% to 94% and the 
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decrease in the phase fraction of the CoO material (from 44% to 6%) when the P precursor is 

increased from 20 to 100 wt%, as shown in Figure 2c (Table S1, S2, Supporting information). 

Nevertheless, in the estimated CoPx phase (CoP + Co2P), the proportion of the P-deficient Co2P 

phase remained ≤9% in all the samples. Hence, for simplicity, the combined phase fraction of 

the dominant CoP and minor Co2P phases is described as CoPx, where the estimated x is ≤0.9. 

The phosphodired samples with varying ratios of Co3O4-L to NaH2PO2·H2O, namely 1:20, 1:40, 

and 1:100 wt%, are described based on their phosphorous content and as the CPx/CO-20, 

CPx/CO-40, and CPx/CO-100, respectively. The estimated bulk compositions of the 

phosphorized CPx/CO-20, CPx/CO-40, and CPx/CO-100 samples are (CoPx)0.56/CoO0.44, 

(CoPx)0.90/CoO0.10, and (CoPx)0.94/CoO0.06, respectively. The CPx/CO-20 sample displayed nearly 

equivalent phase fractions of CoPx and CoO, namely, 56% and 44%, respectively. Upon 

increasing the P source to 40 wt% (CPx/CO-40), an abrupt increase in CoPx to ~90% was 

observed, and merely 10% of the CoO phase remained. Notably, when the amount of the P 

source was more than doubled to 100 wt% (CPx/CO-100), the proportion of CoPx remained high, 

at ~94%, with the remaining 6% corresponding to the CoO phase. Thus, the oxides were not 

completely converted to phosphides, even with greater amounts of the P precursor than those 

reported in the literature. This is due to the robust structural features of the leaf-shaped ZIF-Co-

L precursor that preserved the deeply integrated oxide phase in Co3O4-L, thereby hindering PH3 

gas penetration via the gas-induced phosphidation process. Any further increase in the P 

precursor amount leads to a poor synthesis yield, inadequate for PXRD analysis. The 

conversion of Co3O4-L (CoIII) to cobalt monoxide (CoIIO) during phosphidation is due to the 

strong reducing nature of PH3 gas.[12] This assumption was also confirmed by annealing Co3O4 

at 350 C under an argon atmosphere in the absence of a NaH2PO2 source; notably, the Co3O4 
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phase was retained, without any formation of a CoO phase (reduced oxidic phase). The 

morphology of the phosphodired sample was analyzed using SEM. The SEM and TEM images 

showed that after phosphidation, the samples retained the leaf-like morphology of the Co3O4-L 

intermediate while forming well-integrated CoPx and CoO nanoparticles on the robust leaf 

template. The average cross-sectional length × diameter of the CoPx/CoO leaves is ~5 × 2 μm 

for CPx/CO-20, which reduced further to ~4 × 1.4 μm in other samples with a higher P 

precursor amount. (Figure S4, Supporting information, and Figure 2d). The thickness of the 

leaf-like microcrystals is ~200 nm. Further TEM elemental mapping reaffirmed the presence of 

Co, P, and O in CoPx/CoO and the uniform distribution of Co, P, and O, denoting laterally 

interconnected CoP and CoO particles on the leaf-like structure, was confirmed; thus, an 

ordered heterostructure was formed. This leaf-like microstructure with abundant CoPx/CoO 

heterojunctions may provide rich interfaces and ample exposed active sites, which is expected 

to enhance the charge storage property. A substantial change in the distribution of O and P on 

the heterostructure was observed with an increase in P content, as shown in Figure 2d-f. 

Particularly, P was abundant at the surface in CPx/CO-20, whereas O was abundant in the 

interior or bulk of the leaf structure, despite the homogeneous distribution of cobalt (Figure 2d). 

In the CPx/CO-40 sample, obtained with a higher P source amount, the thickness of the P-rich 

region at the surface increased substantially, whereas O remained intact in the bulk (Figure 2e). 

This demonstrates that phosphidation of solids occurs from the surface to the bulk as P content 

increases. In the case of the highest P content (CPx/CO-100), a homogenous distribution of P 

and O was apparent, with a slight increase in the oxygen isolates at the surface (Figure 2f). The 

differential distribution of P and O with an increase in the P content illustrates the core-shell 

mechanism of the phosphidation reaction controlled by the Kirkendall reaction.[33] Typically, 
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the phosphidation step involves the gasification of the NaH2PO2 precursor to PH3 gas, which 

then reaches and becomes absorbed into the surface of the Co3O4-L precursor under an argon 

flow. The P tends to diffuse inward, whereas O diffuses outward, facilitating the reaction with 

the PH3 gas; this drives the reaction through the chemical potential and concentration 

gradient.[34] Hence, CoP formation occurs from the surface to the bulk and is strongly 

dependent on the magnitude of the PH3 precursor. Besides, the formation of substantially thick 

CoP at the surface may impede further phosphidation, which may be overcome by employing 

an excess of the NaH2PO2 precursor. However, the formation of oxygen-rich clusters or isolates 

on the surface of CPx/CO-100 (Figure 2f) is anticipated based on the outward diffusion of O 

from the bulk, which causes strain-induced segregation in the CoP-rich region. Furthermore, the 

diffraction rings in the SAED result of CPx/CO-40 were indexed with the planes of the CoP, 

Co2P, and CoO phases (Figure 2g). The TEM fringe spacings of 2.1 Å and 2.5 Å correspond to 

the (200) planes of CoP and CoO, respectively (Figure 2h-i). 
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Figure 2. Structural evaluation of phosphorous-varied CoPx/CoO heterostructures. (a) 

PXRD of CoPx/CoO with varying weight (wt.) ratios of precursors NaH2PO2 and Co3O4-L from 

20–100 wt%. (b) Rietveld refinement XRD result for CPx/CO-40; the insets depict the crystal 

structures of the orthorhombic CoP and cubic CoO phases. (c) Phase fractions of CoP, Co2P, 

and CoO with varying phosphorous content; TEM and elemental mapping (Co, P, O) of (d) 

CPx/CO-20, (e) CPx/CO-40, and (f) CPx/CO-100, (g) SAED pattern of CPx/CO-40, lattice 

fringes corresponding to (h) CoP and (i) CoO phases. The CoP, Co2P, and CoO phases are 

denoted as CP, C2P, and CO in the SAED phase indexing. The scale bar in Figure 2(d-f) 

represents 500 nm. 

 

 The charge storage performance of the composition-engineered CoPx/CoO heterostructure 

was evaluated in 2 M KOH electrolyte and compared with that of Co3O4-L. The CV results in 

the potential range of 0 to 0.55 V vs. Hg/HgO exhibited a significantly higher integral area for 

CoPx/CoO, compared to that for Co3O4-L; moreover, distinct oxidation/reduction peaks 

signifying dissimilar faradaic processes were observed (Figure 3a). The specific capacitance of 
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CoPx/CoO, derived from the GCD profile, is 467 F g-1 at 5 A g-1, which is substantially higher 

than that of Co3O4-L with 35 F g-1 (Figure S5, Supporting information). The phase 

conversion of Co3O4-L to the CoPx/CoO heterostructure via controlled phosphidation led to an 

enhanced enclosed CV area. The enhanced specific capacitance of CoPx/CoO was attributed to 

the high redox activity of CoP and the interfacial properties of the formed heterostructure. CV 

of the CoPx/CoO electrode was also performed across a wide potential range, from -0.1 to 0.6 V; 

the results reveal two pairs of redox couples with three anodic peaks at 0.02 V and two 

pronounced peaks at 0.18 V and 0.53 V vs. Hg/HgO (Figure S6, Supporting information). 

The peak at 0.02 V corresponds to the oxidation of CoP (Coδ+) to Co(OH)2 (equation 5), and the 

last two peaks at 0.018 and 0.48 V can be attributed to the transformation of Co(OH)2 into 

CoOOH (equation 6) and the subsequent transformation of CoOOH into CoO2 (equation 7), 

respectively:[9]  

         Coδ+ + 2 OH– → Co(OH)2 + (2-δ) e–                      (5) 

    Co(OH)2 + OH– ⟷ CoOOH + H2O + e–                     (6) 

     CoOOH + OH– ⟷ CoO2 + H2O + e–                                      (7) 

 The phosphidation process elevates the electrochemical performance of the CoPx/CoO 

heterostructure. The composition engineering of the CoPx/CoO heterostructures is expected to 

alter their electrochemical properties owing to variations in the individual CoPx and CoO 

components and tunable bulk/interfacial properties. The electrochemical activity of the 

composition engineered CoPx/CoO heterostructures was investigated and presented in Figure 3. 

The enclosed area of the CV curve measured at 30 mV s-1 increases with an increase in CoPx 

content from 56% in CPx/CO-20 to 90% in CPx/CO-40; however, it subsequently decreases in 

the case of the CPx/CO-100 sample with 94% of CoPx (Figure 3a). The lowest integral CV area 
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was observed for CPx/CO-20, which may be due to its higher CoO content, ~44% (CoPx = 56%), 

compared to that of the other samples; note that CoO is a poorer conductor than CoP. CPx/CO-

40 attained the highest performance, which was anticipated owing to the presence of the 

dominant CoP (~90%) phase. However, CPx/CO-100 with a slightly higher CoP phase fraction 

(94%) exhibited an abnormally low enclosed CV area. Hence, the integral CV curve area 

follows the trend of CPx/CO-40 > CPx/CO-100 > CPx/CO-20, which is independent of the bulk 

phase fraction of conducting CoP in the corresponding samples, that is 90% →94% →56%, 

respectively. The electrochemical performance is apparently dependent on the phase fraction of 

conducting CoP in CPx/CO-20 and CPx/CO-40; however, CPx/CO-100 deviates from the 

anticipated trend owing to the formation of surface oxygen or insulating CoO isolates, as 

observed from TEM (Figure 2f). In addition, the highest CV integral area, obtained for 

CPx/CO-40 with a bulk composition of (CoPx)0.90/CoO0.01, may be due to the anticipated 

interfacial properties of the well-integrated CoPx/CoO heterostructure. This trend in the charge 

storage property was also evident from the GCD profiles obtained at a high current density (30 

A g-1), as shown in Figure 3b, suggesting the effect of the composition (bulk/surface) and the 

interfacial property of the heterostructure. The IR drop trend observed from the GCD results is 

inversely related to the integral CV area (Figure 3a), signifying that a lower IR drop leads to a 

higher CV area and enhanced charge storage property. These results suggest that 

electrochemical activity can be altered rationally by varying the composition (surface/bulk) of 

the CoPx/CoO heterostructure, which in turn modulates the interfacial properties. Figure 3c 

depicts the CV curves of the CPx/CO-40 heterostructure at variable scan rates in a wide 

potential window of -0.1 to 0.6 V. The shape of the CV curves was retained upon increasing the 

scan rates, and the oxidation and reduction (Faradaic reaction) peaks shifted to slightly higher 
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and lower potentials, respectively, signifying the diffusion-controlled reaction kinetics and high 

reversibility of the electrode material with low internal resistance. Besides, the CV curves of the 

CPx/CO-20, CPx/CO-40, and CPx/CO-100 heterostructures at different scan rates in the potential 

range of 0 to 0.55 V showed a similar trend in the enclosed area (Figure S7, Supporting 

information). The GCD profiles of the CPx/CO-40 electrode were obtained at different current 

densities (5 to 30 A g-1) in the potential range of 0 to 0.55 V (Figure 3d). The GCD plots depict 

a symmetric charge–discharge profile, indicating good reversibility of the CPx/CO-40 electrode. 

For comparison, the GCD plots of the CPx/CO-20 and CPx/CO-100 electrodes were also 

obtained (Figure S8, Supporting information). Figure 3e depicts the specific capacitance of 

the CoPx/CoO electrodes, derived from GCD curves as a function of current density. A similar 

specific capacitance trend was observed based on the CV area and GCD plots (Figure 3a, 3b). 

The results confirmed that the CPx/CO-40 electrode delivered a higher specific capacitance than 

the CPx/CO-20 and CPx/CO-100 electrodes. The CPx/CO-40 electrode exhibited a superior 

specific capacitance of 467 F g-1, compared to those of CPx/CO-20 (359 F g-1) and CPx/CO-100 

(412 F g-1), at 5 A g-1 with a reasonably good rate capability. These results signify the 

successful tuning of the electrochemical activity of the heterostructure by regulating the 

CoPx/CoO ratios, eventually modulating the electronic structure. The specific capacitance of the 

optimized CoPx/CoO-40 heterostructure (467 F g-1 at 5 A g-1) is much superior to the 

capacitance reported for individual CoP, Co2P, and CoO electrode-based supercapacitors 

(Table 1). Values from the literature were chosen based on the high-performance morphologies 

(solid, hollow, cubes, and flower structures) of CoP, Co2P, and CoO electrodes, which have 

been developed to alter the surface area and ion diffusion to obtain enhanced supercapacitive 

performance. Wang et al.[21] proposed a unique solid CoP microcube with a specific 
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capacitance of 300 F g-1 at 5 A g-1 in Ni foam as a current collector and also fabricated hollow 

microcube structures to enhance the surface area, thereby achieving the highest reported 

capacitance of 485 F g-1 at 5 A g-1 for CoP electrodes (Table 1). Chen et al.[35] reported that 

Ni-foam-supported Co2P nanorods and Co2P nanoflowers delivered specific capacitances of 

284 and 416 F g-1, respectively, at 1 A g-1. Further, Cheng et al.[36] demonstrated hollow Co2P 

nanoflowers with a capacitance of 321 F g-1 at 1 A g-1, which is lower than that achieved in the 

present work. Tang et al.[37] demonstrated that the rational design of porous CoO nanowalls 

grown on Ni foam structures enabled enhanced electrochemical performance, delivering a 

specific capacitance of 311 F g-1 at 5 A g-1. The superior supercapacitive performance of the 

CoPx/CoO lateral heterostructures compared to that of the individual (CoP, Co2P, CoO) 

electrodes is attributed to the synergistic effect of the conducting CoPx and high capacitance 

CoO electrodes, as well as the interfacial properties of the heterostructure with an optimized 

composition. 

 EIS spectra were measured to evaluate the charge transfer kinetics at the electrode–

electrolyte interface. The corresponding Nyquist plot exhibits a semicircle that represents the 

charge transfer resistance (Rct) determined from the intercept on the real axis, as shown in 

Figure 3f. The optimized CPx/CO-40 heterostructure electrode exhibited the lowest charge 

transfer resistance (38 Ω) compared to the other electrodes [CPx/CO-20 (62 Ω) and CPx/CO-100 

(59 Ω)]. This suggests that the enhanced conductivity and charge transfer kinetics of the 

optimized CPx/CO-40 heterostructure were derived from the remarkable interfacial properties. 

The charge transfer resistance may depend on the CoP content because CoP is highly 

conductive. Thus, a higher CoP content may reduce the resistance, thereby enhancing the 

electronic conductivity. However, the charge transfer resistance of CPx/CO-100 is higher than 
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that of CPx/CO-40, although the former possesses more CoP (94%), which is attributed to 

surface-anchored oxygen isolates (Figure 2f). The excellent electrical conductivity of CPx/CO-

40 promoted its charge storage capability through enhanced electron transfer and redox 

reactions. This suggests that the presence of a considerable amount of CoP in the 

heterostructure would reduce the charge transfer resistance, along with the tuning of the 

interfacial properties, which also appreciably enhances the electronic conductivity of CoPx/CoO 

electrodes.[12] Besides, it has been reported that the presence of an equivalent amount of CoO 

and CoP (in a ratio of 1:1) leads to the formation of oxygen–phosphorous (O–P) at the CoP–

CoO interface, which increases the electrochemical activity owing to enhanced conductivity 

and electron transfer kinetics.[12] Nevertheless, in this study, the presence of a large amount of 

CoP (90%) in the CoPx/CoO heterostructures, rather than an equivalent amount of CoP and 

CoO (50% each), yielded an enhanced charge storage performance by promoting the electronic 

conductivity and interfacial properties for supercapacitor applications. 

 Furthermore, to confirm the long-term practical applicability of the CoPx/CoO 

heterostructure electrodes for supercapacitors, charge–discharge cycles were performed at a 

high current density of 30 A g-1 in a 2 M KOH electrolyte for 10000 cycles, as depicted in 

Figure 3g. All the heterostructure electrodes demonstrated a significant level of activation upon 

cycling, which is probably due to the slow diffusion of the electrolyte into the porous carbon 

cloth substrate due to delayed wettability. Hence, the capacitance at the 600th cycle was chosen 

as the initial capacitance to evade the influence of the activation process in the estimation of 

capacitance retention and cycling stability, which would lead to >100% retention. The CoPx-

rich CoPx/CoO heterostructures, namely, CPx/CO-40 and CPx/CO-100, respectively retained   

91% and 98% of the initial capacitance after 10000 cycles, affirming the outstanding 
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electrochemical stability of the CoPx/CoO active material. In the case of CPx/CO-20, cycle 

retention of 100% was observed after 10000 cycles. The higher cycle retentions (100% and 

98%) of CPx/CO-20 and CPx/CO-100 compared to that of CPx/CO-40 (91%) suggest the 

probable role of the oxidic (CoO) phase in cycling stability. The larger amount of CoO (44%) 

in CPx/CO-20 resulted in a negligible capacitance loss after prolonged cycling, whereas in 

CPx/CO-100, despite its lower CoO content (6%), surface oxidic (CoO) isolates could result in 

a higher cycling stability. Hence, it is relevant to conclude that the reduced cobalt oxidic (CoO) 

phase enhances cycling stability, whereas cobalt phosphide (CoPx) contributes to a higher 

specific capacitance. In the CPx/CO-40 heterostructure, in addition to the interfacial property, 

the optimized CoPx and CoO contents resulted in a higher capacitance (466 F g-1) and promoted 

cycling stability (91% capacitance retention). These results demonstrate the excellent cycling 

stability of the CoPx-rich CoPx/CoO heterostructure electrodes for supercapacitors.  

 The relationship between the CoObulk content and charge transfer resistance (EIS) is 

presented in Figure 3h. A decrease in the poorly conductive CoObulk phase in the CPx/CO-40 

has reduced its charge transfer resistance than that of CPx/CO-20. Further, the abnormal 

increase in the resistance of CPx/CO-100 is attributed to the presence of surface CoO isolates. 

Besides, the unusual decrease in the charge transfer resistance of CPx/CO-40 is attributed to its 

optimal interfacial properties, which enhance its charge storage property. Based on the results, 

the energy storage mechanism of CoPx/CoO can be attributed to the faradaic redox reactions of 

CoP and CoO in a KOH electrolyte via the reversible faradaic reactions of the CoP/CoPOH and 

CoPOH/CoPO redox couples.[7] Moreover, the well-interconnected CoPx and CoO 

nanoparticles on the leaf-shaped precursor template avoid a high heterojunction resistance 

during the electrochemical reaction, accelerating the reaction kinetics; moreover, they offer 
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efficient synergy between CoPx and CoO, providing facile ion and charge transfer in the 

electrode and ensuring rich redox reactions.[7] 

   
 

Figure 3. Capacitance behavior of the composition(y)-varied (CoPx)1-y/CoOy 

heterostructure by changing the phosphorous precursor. (a) CV of Co3O4 and (CoPx)1-

y/CoOy electrodes at scan rate of 30 mV s-1, (b) galvanostatic charge/discharge profiles of 

(CoPx)1-y/CoOy electrodes at 30 A g-1; (c) CV of the CPx/CO-40 at varying scan rates of 5 to 50 

mV s-1; (d) GCD profiles of CPx/CO-40 at different current densities of 5 to 30 A g-1; (e) 

specific capacitance of (CoPx)1-y/CoOy at different current densities; (f) electrochemical 

impedance spectra (EIS) of (CoPx)1-y/CoOy samples; (g) cycling stability of the (CoPx)1-y/CoOy 

at 30 A g-1, where the cyclability is calculated from the 600th cycle; (h) relation between P-

varied (CoPx)1-y/CoOy composition to the initial specific capacitance (600th cycle) and charge-

transfer resistance (Rct, derived from EIS). 
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Table 1. Comparison of supercapacitive performance in a three-electrode system for state-of-

the-art materials reported in the literature, for CoP, Co2P, CoO electrodes. (CC - carbon cloth) 

Electrode 

material 

Electrolyte/ 

Substrate 

Current 

density 

Specific 

capacitance 

Capacitance 

retention (%) 
Reference 

(CoPx)0.90/CoO0.10 

2 M KOH/ 

CC 

 

5 A g-1 467 F g-1 
91 (10000 cycles 

at 30 A g-1) 
This work 

Hollow CoP cube 
6 M KOH/ 

Ni foam 
5 A g-1 485 F g-1 

91 (10000 cycles 

at 5 A g-1) 
[21] 

Solid CoP cubes 
6 M KOH/ 

Ni foam 
5 A g-1 300 F g-1 

80 (10000 cycles 

at 5 A g-1) 
[21] 

Co2P nanorods 
6 M KOH/ 

Ni foam 
1 A g-1 284 F g-1 --- [35] 

Co2P 

nanoflowers 

6 M KOH/ 

Ni foam 
1 A g-1 416 F g-1 --- [35] 

Hollow Co2P 

nanoflower 

6 M KOH/ 

Ni foam 
4 A g-1 321 F g-1 

124 (10000 cycles 

at 5 A g-1) 
[36] 

Porous CoO 

nanowall 

6 M KOH/ 

Ni foam 
5 A g-1 311 F g-1 

93 (5000 cycles at 

10 A g-1) 
[37] 

 

 To acquire additional insights into the surface composition, chemical states, and explication 

for the superior charge storage performance of the CoPx/CoO heterostructure, the XPS were 

measured. Figure 4a-c represents the Co 2p, P 2p, and O 1s XPS of the CoPx/CoO samples. 

The high-resolution Co 2p spectra were deconvoluted into two sets containing four peaks each, 

corresponding to the spin–orbit doublets of Co 2p3/2 and Co 2p1/2, in the binding energy (BE) 

ranges of 775–790 eV and 790–810 eV, respectively. The Co 2p peaks at 778.5 eV and 793.3 

eV were assigned to the Co3+ of the CoP phase, which is blue-shifted compared to the metallic 

cobalt (778.2 eV) [38]; further, the peaks at 781.5 eV and ~797.5 eV are associated with Co2+, 
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indicating the coexistence of CoO.[15] Two sets of shake-up satellites were observed in the 

ranges of 784–786 eV and 800–805 eV.[32] It should be noted that the Co3+ (Co–P) peak 

shifted to a lower BE (778.2 eV) in CPx/CO-40, which is ascribed to the partial reduction of 

Co3+ to metallic cobalt. The metallic cobalt formation may arise owing to the unique metallic 

states formed at the CoPx/CoO interface with an appropriate composition, leading to the 

exceptional interfacial properties in the heterostructure. The metallic cobalt could significantly 

increase the electronic conductivity and improve the charge storage properties of CPx/CO-40. 

The P 2p core spectra exhibit two peaks, viz., the lower BE peak at ∼129.4 eV (overlapping of 

2p3/2 and 2p1/2), associated with cobalt phosphide, and the higher BE peak at ∼133.4 eV, 

associated with surface oxidized P species (POx). This arises from the oxidation of the surface P 

species in contact with air, as shown in Figure 4b.[12, 15] An increase in the phosphide to POx 

ratio (P/POx), with an increasing P source amount was apparent, evidencing the robust 

protection of surface P species, preventing phosphide from oxidizing on exposure to air. A shift 

of the 129 eV peak toward lower BE in the case of CoPx/CoO-40 implies a high electron 

density in the P species, due to the modification of the electronic structure in the strongly 

coupled phase; this may enhance the electrochemical property.[32]  

 The high-resolution O 1s spectrum of CoPx/CoO was deconvoluted into three peaks assigned 

to the Co–O bond (529.9 eV), O–P (531.3 eV), and surface-adsorbed water molecules (~532.7 

eV), as shown in Figure 4c. The surface composition of the CoO species was evaluated from 

the integral area of the peaks at 529.9 eV. The estimated surface CoO content in CPx/CO-20 

was ~20 at%, which reduced to 11 at% for CPx/CO-40, which also agrees with a decreasing 

trend in the CoObulk composition with increasing P (Figure 2c). A decrease in the surface CoO 

species with an increasing P source amount (CPx/CO-20 and CPx/CO-40) further corroborated 
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the controlled formation of CoO (surface/bulk) and CoPx components, which agrees with the 

Co 2p results on the reduced ratio of surface Co2+(CoO)/Co3+(CoP) species(Figure 4d). 

However, the surface CoO content was greater in CPx/CO-100 (~14 at%), compared to that in 

CPx/CO-40 (11 at%), despite the lower proportion of CoObulk (6%) in the former (CoObulk=10% 

for CPx/CO-40). This result further corroborated the formation of surface CoO isolates in 

CPx/CO-100 as evidenced by the elemental mapping results (Figure 2f). Similarly, the higher 

proportion of Co2+ (CoO) in CPx/CO-100 than that in CPx/CO-40 was also evident from the 

Co2+/Co3+ ratio derived using the Co 2p spectrum (Figure 4d). Besides, a shoulder at 534.1 eV 

in the O 1s XPS was observed for CPx/CO-40, which is a feature that is obtained when the 

O/Co ratio is less than 1; in other words, the formation of the partial oxygen deficiency in CoO 

occurs at a slightly higher BE of 533.7 eV, as compared to that reported previously.[15] The 

partial oxygen deficiency in the CoO of CPx/CO-40 may be related to the formation of metallic 

cobalt at the interface, as suggested by the Co 2p XPS (Figure 4a). Though the bulk CoO 

content (derived from XRD) increases when increasing the phosphorous source amount, the 

surface analysis shows an abrupt change in CoO composition at the surface (evaluated from Co 

2p and O 1s XPS), as shown in Figure 4d; this reveals the alteration of the surface property of 

the CoPx/CoO heterostructure. Although the bulk CoO content (~94%) is higher in CPx/CO-100 

than in CPx/CO-40, the CoO isolates formed on the surface significantly reduced the electronic 

conductivity and eventually suppressed its supercapacitive performance. The aforenoted results 

demonstrate that both the bulk and surface compositions of the CoPx/CoO heterostructure 

regulate the electronic and electrochemical properties altered by precise control of the 

phosphorous precursor. Therefore, the optimized CPx/CO-40 with the composition of 

(CoPx)0.9/CoO0.1 acquires a unique interfacial property from the interesting combination of 
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conducting metallic cobalt and a suitable CoPx/CoO composition. This leads to enhanced 

charge-transport and electronic properties that are favorable for superior electrochemical 

performance.  

 Further, the usage of highly porous ZIFs as the initial precursor may significantly influence 

the electrochemical properties of the resultant CoPx/CoO heterostructure. Hence, nitrogen 

sorption isotherm measurements were performed to evaluate the Brunauer–Emmett–Teller 

(BET) surface area, and the results are presented in Figure 4e. The BET surface area of the 

Co3O4-L is ~35.6 m2 g-1. After the phosphidation of Co3O4-L, the surface area of CPx/CO-40 

reduced to 22.0 m2 g-1, and this decreasing surface area was followed by a further increase in 

phosphorus content in CPx/CO-100 (9.2 m2 g-1). This suppression of the surface area is a well-

known phenomenon caused by the blockage or collapsing of pores during the phosphidation of 

the metal oxide precursor, which agrees with earlier reports.[39] In addition, the decreasing 

BET surface area agrees well with the Barrett–Joyner–Halenda (BJH) pore size distribution plot 

(Figure S9, Supporting information). Co3O4-L displays high porosity and contains copious 

macropores compared to the phosphorized samples. Despite having a high surface area, the 

Co3O4-L sample displayed a poor capacitance value of 35 F g-1 (Figure S5, Supporting 

information), while the phosphorized sample, CPx/CO-40, exhibited an extremely high 

capacitance of 467 F g-1, with a relatively low surface area (Figure 4e). This feature 

demonstrates the surface-area-independent electrochemical performance of phosphorized 

samples and is due to the high redox activity of phosphide and its intrinsic electronic 

conductivity.[40] Moreover, Raman spectroscopy was employed to characterize the CoO and 

CoPx species and the nature of chemical bonding. The Raman spectra indicate the characteristic 

peaks of the Co-O (171, 450, 493, 589, and 654 cm-1) and Co-P (minor 255 cm-1) vibrational 
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modes (Figure S10, Supporting information). The graphene-like carbon peaks at ~1350 (D 

band) and 1550 cm-1 (G band) were absent for all the CoPx/CoO samples; this suggests the 

presence of amorphous carbon, derived from the ZIF precursor, in the heterostructure.[41] 

Distinct Co-P and Co-O vibrations are apparent only in CPx/CO-40 due to the appropriate 

CoP/CoO composition, while the negligible Co-P vibration in CPx/CO-100 further suggests that 

the surface contains a high amount of CoO species, as evidenced from other results.  

 The high-performance CPx/CO-40 heterostructure was further employed to form a reduced 

graphene oxide (RGO) composite (CPx/CO-40-RGO) in the presence of 10 wt% GO, and its 

structural (surface/bulk) and electrochemical properties were evaluated. The PXRD of the 

pristine and graphene samples of CPx/CO-40 was indexed with standard orthorhombic Co-P 

(CoP, Co2P) and cubic CoO phases (Figure S11  and Table S3 Supporting information), 

where CPx/CO-40-RGO retained the same ratio of CoPx and CoO as that in CPx/CO-40 with the 

bulk composition of (CoPx)0.9/CoO0.1. The XPS were measured to further clarify the electronic 

structure and chemical composition of the CPx/CO-40-RGO counterpart. Based on the Co 2p 

XPS results, (Figure 5a), there was no apparent change in the oxidation state of Co, suggesting 

the presence of Co3+, Co2+, and partial metallic cobalt in the RGO composite. A substantial 

increase in the surface Co2+ (CoO) in CPx/CO-40-RGO was apparent (Co2+/Co3+ ratio = 1.5), 

compared to that in CPx/CO-40 (Co2+/Co3+ = ~1.0). Moreover, a strong POx signal from 

CPx/CO-40-RGO, due to surface oxidation of the metal phosphide on exposure to air, was 

apparent from the P 2p XPS (Figure S12, Supporting information). This result suggests that 

the presence of excess oxygen from the RGO functional groups may have enhanced the 

oxidation of surface phosphides. Besides, the O 1s XPS results exhibit a higher epoxide C–O 

content (~34 at%) for CPx/CO-40-RGO, double the amount present in CPx/CO-40 (~15 at%) 
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(Figure 5b). The higher epoxide C–O amount in CPx/CO-40-RGO is derived from the oxygen 

bridges formed by the RGO sheets with the Co ions of the ZIF; moreover, this amount increases 

further during the air annealing of Co3O4-L/GO. Further Raman spectra were measured to 

evaluate the quality of the RGO sheets in the composite sample. Although the typical D- and G-

carbon bands were observed in the GO and ZIF-Co-L/GO precursor, the graphene bands 

disappeared in the Co3O4-L/GO, CPx/CO-40, and CPx/CO-40-RGO samples. This suggests that 

the surface oxidation of GO leads to higher oxygen functionalization during the air annealing 

step (400 C) of the Co3O4-L/GO synthesis (Figure 5c). Besides, the oxygen-functionalized 

GO sheets were expected to exhibit partially reduced oxygen bridges owing to the PH3 gas 

during phosphidation. Notably, the decomposition of GO may be ruled out at the low 

temperature of 400 C (Co3O4-L synthesis), as it degrades at a higher temperature of ≥600 C 

under air.[42] Both the Co-O and Co-P vibrational modes were apparent in the phosphorized 

CoPx/CoO sample, whereas only the Co-O vibrational modes were noted in the ZIF-Co-L/GO 

and Co3O4-L/GO samples. The energy dispersive x-ray analysis (EDAX) from SEM results 

reveal that the oxygen content in CPx/CO-40-RGO (~27 at%) is approximately twice higher 

than that in CPx/CO-40 (~15 at%), further reaffirming the surface oxidation of RGO during air 

annealing, leading to excess oxygen species in the RGO sheets (inset Figure 5d). The leaf-like 

morphology of the CPx/CO-40 (Figure 5e) was retained in the CPx/CO-40-RGO (Figure 5f), 

with uniformly distributed leaf-shapes over the RGO sheets. 
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Figure 4. Surface states of CoPx/CoO heterostructure with varying P content. XPS spectra 

of (a) Co 2p, (b) P 2p, and (c) O 1s of CoPx/CoO; (d) relationship between phosphorous 

precursor and quantified surface CoO species (O 1s XPS) and atomic ratio of Co2+/Co3+ of the 

CoPx/CoO derived from Co 2p XPS, (e) BET surface nitrogen adsorption/desorption isotherms 

of Co3O4-L, CoPx/CoO-40, and CoPx/CoO-100 and their corresponding surface area. 

   

 Furthermore, the electrochemical behaviors of the CPx/CO-40 and CPx/CO-40/RGO analogs 

were investigated using a three-electrode setup. The comparison of their CV curves reveals 

redox peaks in both the samples, suggesting the faradaic behavior of the electrodes, as shown in 

Figure 5g. The enclosed CV area of the CPx/CO-40-RGO is lower than that of the CPx/CO-40 

in the same potential range (Figure 5g). Similarly, the specific capacitance was estimated from 

the GCD profiles (Figure S13 and S14, Supporting information) as a function of varying 

current densities (5–30 A g-1); CPx/CO-40-RGO exhibited lower capacitance values at most of 
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the current densities (Figure 5h), i.e., the specific capacitance of CPx/CO-40-RGO (438 F g-1) 

was slightly lower than that of the CPx/CO-40 (466 F g-1) at 5 A g-1. This trend illustrates the 

presence of the oxygen-rich GO evidenced from the XPS and SEM EDAX results and may 

significantly reduce the electronic property of the CPx/CO-40-RGO sample. Furthermore, the 

reduced electronic property of the CPx/CO-40-RGO was confirmed from the EIS, depicting its 

higher charge-transfer resistance than that of the CPx/CO-40 electrode (Figure 5i). The 

excellent electrical conductivity of the CPx/CO-40 is conducive to the charge-storage capability 

and the interfacial property due to the reduced charge-transfer resistance. The interfacial 

property of the CPx/CO-40 sample was absent in the RGO analog due to the insulating oxygen-

rich RGO surface formed during the synthesis of the Co3O4-L intermediate in the air. The 

cycling stability was tested using GCD cycles at a high current density of 30 A g-1 to 

demonstrate the cycling performance of the CPx/CO-40-RGO analog. Despite a lower 

capacitance, the CPx/CO-40-RGO achieved high cycling stability with capacitance retention of 

107% after 10000 cycles calculated by considering capacitance at the 600th cycle as the initial 

capacitance to avoid the activation process (Figure 5j). While the pristine CPx/CO-40 exhibited 

a capacitance retention of ~91%. The superior cycling stability of the CPx/CO-40-RGO is 

attributed to the effective encapsulation of CoPx/CoO that prevents particle pulverization during 

cycling while ensuring effective particle-particle contact. Further, postmortem SEM analysis of 

the electrodes after 10000 cycles was conducted to analyze the stability of the electrode. The 

cycled electrodes retained the leaf-like morphology, with surface roughness owing to the 

hydroxide formation, affirming the robustness of the heterostructure (Figure 5k, l). Higher 

roughness was apparent for CPx/CO-40 (Figure 5k) than for CPx/CO-40-RGO (Figure 5l), 

further corroborating the higher cycling stability of the latter. Furthermore, a negligible 
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phosphorous content (<3 at%) was noted after 10000 cycles, as seen from the EDAX results 

(Figure 5m). This small content denotes the conversion of cobalt phosphide to its hydroxides 

(Table S4, Supporting information). Hence, the inferior capacitive performance of the 

CPx/CO-40-RGO compared to the CPx/CO-40 can be ascribed to the rich oxygen 

functionalization on the RGO surface that considerably increased the resistance, eventually 

reducing the charge-storage property. The excellent cycling stability of both analogs (>90%) is 

attributed to the robust morphology of the leaf-like CoPx/CoO heterostructure with well-

interconnected CoPx and CoO and the metallic cobalt formed at the interfaces. 
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Figure 5. Structural and electrochemical evaluation of graphene-based CoPx/CoO-40-

RGO heterostructure. XPS of (a) Co 2p and (b) P 2p of CPx/CO-40 and CPx/CO-40-RGO; (c) 

Raman spectra; (d) SEM EDAX of CPx/CO-40 (inset depicting the atomic% of Co, P, and O 

elements); SEM of (e) CPx/CO-40 and (f) CPx/CO-40-RGO; (g) CV at a scan rate of 5 mV s-1; 

(h) specific capacitance at different current densities; (i) EIS spectra; and (j) cycling stability 

measured at a current density of 30 A g-1 (capacitance retention was calculated between the 

600th and 10000th cycles); inset depicts GCD profile at the 1st cycle; postmortem SEM images 

of electrodes after 10000 cycles of (k) CPx/CO-40 and (l) CPx/CO-40-RGO; (m) SEM EDAX of 

CPx/CO-40 electrodes after 10000 cycles (inset depicting atomic% of Co, P, and O elements).   
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The practical application of the developed electroactive materials for energy storage was 

assessed by fabricating an asymmetric supercapacitor prototype device using the CoPx/CoO-40 

heterostructure and the NPC@rGO (N-doped porous carbon@graphene sheets) as the positive 

and negative electrodes, respectively. The total loading mass of the active materials for the 

asymmetric supercapacitor was ~4.3 mg. The electrochemical properties of the NPC@rGO 

negative electrode were evaluated based on their CV and GCD curves in a three-electrode 

system using 2 M KOH electrolyte (Figure S15, Supporting information). The specific 

capacitance of the NPC@rGO negative electrode was calculated from the GCD curves and was 

found to be ~155 F g-1 at 5 A g-1 (Figure S15c, Supporting information), which is a 

reasonable value compared with those of reported carbon-based negative electrodes [35, 36]. 

The high specific capacitance of ~364 F g-1 obtained at 5 A g-1 for the CPx/CO-40 electrode 

suggests that the major contribution to the capacitance of the ASC device originates from the 

developed CoPx/CoO heterostructure electrode. Before fabricating the two-electrode assembly, 

the mass loading of the two electrode materials was balanced according to GCD curves at 5 A 

g-1 to obtain high capacitance for the device and ensure the charge balance between the 

electrodes. Comparative CV curves of both the positive and negative electrodes were measured 

at a scan rate of 5 mV s-1 (Figure 6a). The CPx/CO-40 positive electrode operated at the 

potential window of 0–0.6 V, exhibiting battery-type faradaic behavior, whereas the 

NPC@rGO negative electrode operated at the potential range between -1.0 and 0 V, exhibiting 

an electric double-layer structure with a rectangular curve. Thus, the asymmetric supercapacitor 

device could function at a stable electrochemical potential of up to 1.6 V. The CV curves of the 

asymmetric supercapacitor (ASC) device were measured at different scan rates at the potential 

window of 1.6 V; the ASC device exhibited integrated features of electric double-layer and 
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battery-type faradaic behavior of the negative NPC@rGO and positive CoPx/CoO electrodes 

(Figure 6b).  

 The GCD curves of the ASC device exhibited symmetric charge/discharge curves with a 

negligible voltage drop, which further reflects the ideal capacitive behavior, good reversibility, 

and a fast charge-discharge process (Figure 6c). The calculated specific capacitances at various 

current densities of 0.5, 1, 2, 3, 4, 5, and 6 A g-1 were ~38, 36, 35, 34, ~33, ~32, and ~31 F g-1, 

respectively (Figure 6d), with capacitance retention of ~84% at 5 A g-1, indicating the excellent 

rate capability of the CPx/CO-40||NPC@rGO device. The Ragone plot of the ASC device was 

developed from GCD curves at variable current densities; thus, energy density and power 

density were elucidated and are shown in Figure 6e. The CPx/CO-40||NPC@rGO 

supercapacitor realized a reasonable energy density of 12.7 Wh kg-1 at ~0.39 kW kg-1 and could 

deliver up to 10.4 Wh kg-1 at 4.6 kW kg-1. The energy density of the device is comparable and 

even higher than many oxide and phosphide-based hybrid supercapacitors, namely NiCo2O4||AC (6.8 

Wh kg-1 at 2.8 kW kg-1) [43], Graphene||Co2P (8.8 Wh kg-1 at 6.0 kW kg-1) [35], NiCo2S4||PC(10.6 

Wh kg-1 at 2.5 kW kg-1) [44], and Co3P2O8||AC (11.9 Wh kg-1 at 3.6 kW kg-1) [45]. The superior 

energy density of the ASC device is attributable to the high specific capacitance of the CoPx/CoO 

heterostructure electrode at a wide potential window of 0–1.6 V in an aqueous electrolyte. 

Furthermore, higher energy/power density values could be achieved by employing better 

performing carbonaceous negative electrodes with a deliverable capacitance exceeding 160 F g-

1, as reported in the literature [35, 36]. The electrochemical impedance spectral analysis would 

provide insights into the electrical conductivity of materials at bulk and at the 

electrode/electrolyte interface; A Nyquist plot of the device is presented in Figure 6f.  The low 

evaluated charge transfer resistance (Rct) of 0.8 Ω (inset of Figure 6f) favored the superior 
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energy density of the ASC device. The low Rct is derived primarily from the heterostructure 

positive electrode (high conductive CoP, metallic Co, and CoPx/CoO interface) and the 

NPC@rGO, which may favor the fast electron transfer in the device and, eventually, a higher 

energy density. A vertical line in the low-frequency region indicated the capacitive behavior of 

the ASC device.  

 Further, the cycling stability of the CPx/CO-40||NPC@rGO device was evaluated for 

practical supercapacitor applications by performing charge/discharge cycles at a current density 

of 3 A g-1; the results are presented in Figure 6g. An initial specific capacitance of ~25 F g-1 

was obtained at 3 A g-1, which rapidly increased to a maximum capacitance of ~34 F g-1 at 600 

cycles owing to the activation caused by the slow wettability of carbon cloth. Therefore, the 

calculated capacitance retention between the 600th and 10000th cycles is ~93%, indicating the 

superior long-term stability of the ASC device [35]. The superior electrochemical performance 

of the CoPx/CoO-40 heterostructure electrode can be attributed to 1) the tight contact between 

the well-integrated CoPx and CoO components in the leaf-like micron-sized heterostructure that 

prevents a high heterojunction resistance while improving the faradaic reaction and cycling 

stability; 2) the controlled conductive CoPx and CoO components and their synergistic effect 

promote a facile ion/charge transport in the electrodes that ensure rich redox reactions, thereby 

enhancing the electrochemical properties; and 3) the critical role of the interfacial property in 

the CoPx-rich optimized CoPx/CoO heterostructure in imparting enhanced electronic 

conductivity from metallic cobalt and higher charge storage properties. Hence, the composition-

engineered CoPx-rich CoPx/CoO heterostructure could be a suitable alternative electrode for 

supercapacitor applications. 
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Figure 6. Asymmetric supercapacitor device (CPx/CO-40||NPC@rGO). (a) CV curves of 

CoPx/CoO-40 and NPC@rGO (N-doped porous carbon@graphene sheets), used as the positive 

and negative electrodes, respectively; (b) CV curves of the device at variable scan rates in the 

potential range of 0–1.6 V; (c) GCD profiles at variable current densities and (d) specific 

capacitances at variable current densities; (e) Ragone plot of the fabricate device indicating 

their energy and power densities, and compared with the previous reported two-electrode 

supercapacitor namely NiCo2O4||AC [43], graphene||Co2P [35], NiCo2S4||PC [44], Co3P2O8||AC 

[45]; (f) Nyquist plot of the asymmetric device (inset: high-frequency region) and (g) cycling 

stability at a current density of 3 A g-1 as a function of 10000 cycles (inset: GCD profiles of 

selected cycles).  
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4. Conclusions 

A novel CoPx/CoO heterostructure was synthesized successfully from a leaf-like 2D ZIF-Co-L 

molecular precursor, and its electrochemical performance was evaluated. The CoPx/CoO 

heterostructure combined the properties of high redox-active and conducting cobalt phosphide 

and high structural stability of cobalt monoxide, which showed enhanced supercapacitive 

properties. Compositional variation in the (CoPx)1-y/CoOy heterostructure (0.44 > y > 0.06) 

altered the electronic structure and, eventually, the electrochemical performance of 

supercapacitor device, influenced by the phase fractions of the CoP and CoO components. The 

(CoPx)0.9/(CoO)0.1 composition displayed high specific capacitance (466 F g-1) and long-term 

cycle stability (91% over 10000 cycles) owing to their efficient lateral coupling of components, 

optimized composition, synergistic effect, and unique interfaces that form metallic cobalt. The 

(CoPx)0.9/(CoO)0.1-based asymmetric device exhibited a higher energy density of 12.7 Wh kg-1 

at a power density of 370 W kg-1 than the reported oxide-phosphide-based devices and 

demonstrated better cycle stability (~93%) even after 10000 cycles. Therefore, designing 

compositionally varied oxide/phosphide-based heterostructure electrodes would be an attractive 

and beneficial approach for the development of high-performance energy storage devices. 
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Graphical abstract 

 

 

 

Highlights 

 Leaf-like CoPx/CoO heterostructure was synthesized from a ZIF-Co-L precursor. 

 Synergy of CoPx and CoO guarantees the interfacial property and enhances energy 

storage.  

 Controlled phosphidation regulated the bulk/surface composition of CoPx/CoO. 

 (CoPx)0.9/CoO0.1 showed high capacitance derived from interface-driven metallic Co. 

 Asymmetric supercapacitor displays high energy density of 12.7 Wh kg-1 at 370 W kg-1. 
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