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Abstract 15 

In this work, a novel binder-free electrode, in which three-dimensional porous 16 

Ni2P@Ni(OH)2 nanosheet arrays were in-situ grown on carbon cloth (CC), is 17 

rationally designed for supercapacitor applications. In comparison with Ni2P@CC, the 18 

Ni2P@Ni(OH)2@CC electrode represents superior electrochemical characteristics: the 19 

gravimetric capacitance and areal capacitance are boosted to be 632 C g-1 and 0.73 C 20 

cm-2 at 1 mA cm-2, about 2 and 2.7 times larger than those of Ni2P@CC (321 C g-1 21 

and 0.27 C cm-2), respectively; the rate capability is improved to be 63.3% from 1 to 22 
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10 mA cm-2, about 1.5 times larger than Ni2P@CC (42.9%); the cycle stability is 1 

enhanced to be 81.4% after 1000 cycles, about 1.6 times larger than Ni2P/CC (51.8%). 2 

The assembly Ni2P@Ni(OH)2@CC//AC hybrid supercapacitor device shows high 3 

energy density of 23.5 Wh kg-1 at a power density of 1158.0 W kg-1 and good cycling 4 

stability of 75.2% maintenance after 5000 cycles. Benefiting from the combined 5 

advantages of high electronic conductivity and large specific capacitance of Ni2P, 6 

superior anion exchanging/intercalating capacity of Ni(OH)2, excellent flexibility of 7 

carbon cloth and special hierarchical architecture with large surface area, the 8 

Ni2P@Ni(OH)2@CC electrode is promised to be a good candidate for 9 

supercapacitors. 10 

Keywords: Ni2P@Ni(OH)2 nanosheets; Battery-type electrodes; Hybrid 11 

supercapacitor; Energy storage 12 
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1 Introduction 14 

As the depletion of non-renewable fossil fuels and consequent environmental 15 

pollutions are ever-increasing serious, the exploration of clean and renewable energy 16 

sources, such as solar, wind, tide and geothermal has drawn growing concerns [1-4]. 17 

However, these energy sources are shackled by time or region, and the utilization 18 

efficiency is relative low [5-7]. Developing novel high-efficient energy storage and 19 

conversion systems are urgently demanded. Supercapacitors has attracted widespread 20 

attention, owing to their specific features such as higher power density than batteries, 21 

larger specific energy than conventional capacitors, reliable cycling stability, fast 22 
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charge/discharge rates, safety, low cost and environmental friendliness [8-11]. 1 

However, the low energy density of supercapacitors limits its practical application 2 

[12-14]. According to the energy storage mechanism, supercapacitors can be divided 3 

into two types: electrical double-layer capacitors (EDLCs) and pseudocapacitor (PCs) 4 

[15-18]. Generally, PCs possess larger energy storage ability than EDLCs, due to that 5 

the electrode materials of PCs show rich oxidation states for faradaic redox reactions. 6 

The core technology of PCs is exploring novel electrode materials with high specific 7 

capacitance. 8 

Recently, battery-type electrode materials, especially transition metal compounds, 9 

have been widely used for supercapacitors. This is owing to their efficient faradaic 10 

redox reactions [19-21]. As a kind of n-type semiconductors, metal phosphides have 11 

two types of bonding states: the covalent bonded metal cations can store charges 12 

through faradaic redox reactions; the metal bonded atoms can improve the electrical 13 

conductivity through free electrons [22]. This specific structure makes metal 14 

phosphides possess metalloid property and excellent electrical conductivity. 15 

Compared with oxygen atom, phosphorus atom in metal phosphides is more 16 

electronegative, which can result in faster electron migration and superior redox 17 

activity [23]. These features are beneficial for electron transport that can improve the 18 

rate capability [24]. The transition metal phosphides (TMPs) have larger theoretical 19 

capacitance and higher electrical conductivity in comparison with the transition metal 20 

oxides (TMOs) [25]. Moreover, the nanostructures of TMPs are usually highly 21 

tunable for the access of electrolytes, leading to excellent intra- and inter-particle 22 
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conductivity, which is also important for electrode materials [26]. These intrinsic 1 

chemical/physical features make TMPs potential for supercapacitors. Wang et al. 2 

prepared amorphous Ni-P nanomaterials by a solvothermal route, which show a large 3 

specific capacitance of 1595 F g-1 at 0.5 A g-1 and 71.4% capacitance preserved after 4 

1000 cycles [27]. Lu et al. fabricated spherical and rod-like Ni2P nanostructures by 5 

hydrothermal-phosphidation two-step process, and found that the rod-like Ni2P 6 

nanostructures have a larger specific capacitance of 799.2 F g-1 at 1 A g-1 and cycling 7 

stability of 68.4% after 2500 cycles [28]. Obviously, the metal phosphides present 8 

remarkable electrochemical performance, but their specific capacitance and cycle 9 

stability still need to be further improved. 10 

Generally, interface construction can introduce interfacial charge migration owing 11 

to the generated strain at the interface, which is promised to be an effective way to 12 

boost the electrochemical properties of electrode materials [29, 30]. Hierarchical 13 

core-shell architectures are proposed to be a kind of hybrid nanostructures that can 14 

enlarge the surface/interface area, improve the contact of electrode/electrolyte and 15 

shorten the channel of ion diffusion [31-33]. Especially, properly constructing 16 

core-shell architectures composited of core with large electrical conductivity and shell 17 

with pseudo-capacitivity are promised to be of great significance for supercapacitors 18 

[34, 35]. The particular heterostructure may induce internal electric fields and 19 

discontinuous charges at the interface, which can enhance the electric/ionic 20 

conductivity and improve the redox reaction kinetics. Besides, this core-shell 21 

heterostructure can enhance the electron storage/delivery pathway, facilitate the redox 22 
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reactions and improve the durability. Metal layered double hydroxides (LDHs) with 1 

hydrotalcite-like structure and pseudo-capacitivity have drawn many attentions as 2 

supercapacitors, due to their excellent anion exchanging capability and remarkable 3 

intercalating ability [36-38]. Therefore, appropriately integrating metal phosphides 4 

with hydroxides is promised to be a superior electrode material for supercapacitors, 5 

which is expected to enhance the capacitance and improve the cycle stability. 6 

Inspired by the aspects mentioned above, we fabricated hierarchical 7 

Ni2P@Ni(OH)2 architecture grown on carbon cloth (CC) through a combined 8 

phosphorization and hydrothermal route. The Ni2P@Ni(OH)2@CC is directly used as 9 

a binder-free battery-type electrode for hybrid supercapacitors. In addition to the 10 

synergistic effects of combined advantages for Ni2P and Ni(OH)2 as mentioned above, 11 

the Ni2P@Ni(OH)2@CC electrode is also promised to possess multiple advantages. 12 

First, the Ni2P@Ni(OH)2 composites show three-dimensional hierarchical 13 

architectures, in which both the Ni2P and Ni(OH)2 components show ultrathin 14 

nanosheet structures. The special hierarchical structure is supposed to have large 15 

surface area and rich electro-active sites, which make the contract between electrode 16 

materials and electrolyte more sufficient. Second, as a cheap conductive textile, 17 

carbon cloth is used as flexible substrate and current collector, which possesses 18 

desirable features such as low cost, chemical stability, high conductivity and excellent 19 

mechanical flexibility. Third, hierarchical Ni2P@Ni(OH)2 architectures were directly 20 

grown on the flexible conductive carbon cloth substrate without using organic binders, 21 

which can reduce the resistance between electrode materials and substrate, promoting 22 
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the charge transfer. These benefits make the Ni2P@Ni(OH)2@CC electrode a 1 

promised candidate for supercapacitors. 2 

2 Experiment details 3 

2.1 Reagents 4 

NiCl2·6H2O was obtained from Tianjin kwangfu Fine Chemical Industry Research 5 

Institute. Tetramethothylamine (HMT), NaH2PO2·H2O and potassium hydroxide 6 

(KOH) were purchased from Sinopharm Chemical Reagents Co., Ltd., China. Before 7 

experiment, the carbon cloth (CC) with a size of 1 cm × 2 cm was successively 8 

cleaned by ultrasonication in ethanol and deionized water for each 30 min, and finally 9 

dried at 60 °C for 8 h under vacuum conditions. 10 

2.2 Synthesis of hierarchical Ni(OH)2 nanoarray precursor on CC 11 

Ni(OH)2 nanosheet arrays were directly grown on CC by a simple hydrothermal route. 12 

NiCl2·6H2O (4 mmol) and HMT (1.6 g) were dissolved into de-ionized water (60 ml) 13 

under magnetic stirring. Then, the above solution was poured into a Teflon-lined 14 

stainless-steel autoclave (100 mL), and several pieces of CC were immersed into the 15 

above solution. The autoclave was sealed and then heated at 100 °C for 6 h in an 16 

electric oven. After the reaction was finished, the Ni(OH)2@CC electrode was rinsed 17 

with de-ionized water and ethanol, and dried at 60 °C. 18 

2.3 Synthesis of hierarchical Ni2P@CC 19 

Ni2P@CC was fabricated by phosphorization route using Ni(OH)2@CC as precursor. 20 

Typically, the prepared Ni(OH)2@CC and NaH2PO2·H2O were put at two separated 21 

positions in a quartz boat with NaH2PO2·H2O at the upstream side of the tube furnace. 22 
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The tube furnace was heated to 300 °C with a heating rate of 2 °C/min and kept at 1 

300 °C for 2 h. During all the processes, the furnace was protected in Ar atmosphere. 2 

2.4 Synthesis of Ni2P@Ni(OH)2@CC 3 

Ni2P@Ni(OH)2@CC was fabricated by a second hydrothermal route. The detailed 4 

processes were consistent with the preparation method of Ni(OH)2@CC precursor. 5 

Ni2P@CC was immersed into the solution instead of CC, which was used as the 6 

substrate. Besides, the autoclave was kept at 100 °C for 90 min. 7 

2.5 Characterization 8 

The structures of samples were determined by X-ray diffraction (XRD) using Cu Kα 9 

radiation (DX-2700, λ = 1.5418 Å) in the 2θ range of 10-80° with a step size of 0.02°. 10 

The morphologies were characterized by scanning electron microscopy (FESEM, 11 

Hitachi S-4800 microscope) and transmission electron microscopy TEM (FEI Tecnai 12 

G2 F20). The elemental compositions were tested by X-ray photoelectron 13 

spectroscopy (XPS, ESCALAB210) and Energy dispersive spectroscopy (EDS) 14 

equipped in SEM. The Ni contents of active material were determined by inductively 15 

coupled plasma emission spectrometer (ICP-MS, 720-ES, VARIAN). 16 

2.6 Electrochemical measurements 17 

Electrochemical analyses were performed on a CHI 760E electrochemical workstation 18 

(Shanghai CH Instrument Company). Cyclic voltammetry (CV), galvanostatic 19 

charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) of the 20 

samples were carried out in a three-electrode setup using 6 M KOH aqueous solution 21 

as the electrolyte. The fabricated electrodes, standard calomel electrode (SCE) and Pt 22 
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electrode were used as working electrode, reference electrode and counter electrode, 1 

respectively. 2 

The specific capacitance is calculated from the GCD curves according to the 3 

following equations [39, 40]: 4 

mtICm /
                                                        (1) 

5 

stICs /                                                          (2) 6 

where Cm is the gravimetric capacitance (C g-1), Cs is the areal capacitance (C cm-2), I 7 

is the discharge current (A), Δt represents the discharging time (s), and m and s 8 

designate the mass of active material (g) and geometrical area (cm2), respectively. 9 

2.7 Assembly of the hybrid supercapacitor device 10 

The hybrid supercapacitor (HSC) was assembled using Ni2P@Ni(OH)2@CC as the 11 

positive electrode and active carbon as the negative electrode. The HSC was packaged 12 

in a 2032-type button cell, in which a polypropylene membrane was used to separate 13 

the two electrodes. The negative electrode was fabricated by mixing activated carbon 14 

(AC), acetylene black and polytetrafluoroethylene (PTFE) with a weight ratio of 8: 1: 15 

1. The forming slurry was painted on CC substrate and then dried at 60 °C in a 16 

vacuum oven for 12 h. Generally, the positive and negative electrodes in the HSC 17 

device should satisfy charge balance principle (q+ = q-). The mass of AC can be 18 

obtained by the following equations [21]: 19 

mq C m V                                                        (3) 20 

m

m

C Vm

m C V

 


 






                                                     (4) 21 

where m is the weight of active material, mC  is the specific capacity and ΔV is the 22 
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potential window of electrode. The superscripts of ‘+’ and ‘-’ present the positive and 1 

negative electrodes, respectively. 2 

The energy density ( E ) and power density ( P ) can be calculated by the following 3 

equations [41]: 4 

mdtV(t)IE                                                       (5) 5 

tEP                                                            (6) 6 

3 Results and discussions 7 

Fig. 1 shows the possible formation mechanism of hierarchical Ni2P@Ni(OH)2@CC 8 

electrode. Firstly, the hierarchical Ni(OH)2 nanoarray precursor was in-situ grown on 9 

flexible carbon cloth (CC) at a low temperature of 100 oC through a facile 10 

hydrothermal method. Then, the Ni(OH)2@CC precursor was treated at 300 oC by a 11 

phosphorization route using NaH2PO2·H2O as the phosphorus source, forming 12 

Ni2P@CC. Finally, Ni2P@CC was treated by a secondary hydrothermal route, 13 

resulting in the formation of Ni2P@Ni(OH)2@CC electrode. Fig. S1a shows the XRD 14 

pattern of Ni2P@Ni(OH)2@CC. Only the diffraction peaks of Ni2P (JCPDS: 74-1385) 15 

are obtained. The additional diffraction peak at about 26o belongs to carbon (JCPDS: 16 

38-0715) from the CC substrate. No diffraction peaks of Ni(OH)2 are found. This is 17 

mainly due to the combined effects of low crystallinity of hydroxides and tiny amount 18 

of Ni(OH)2 on the CC substrate (The mass loadings of Ni2P and Ni2P@Ni(OH)2 on 19 

CC substrate are 0.85 and 1.15 mg cm-2, respectively.). To further examine the 20 

crystalline phases of active materials in the electrodes, the corresponding 21 

nanopowders which were fabricated by the same process are also analyzed by XRD 22 
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technology, as shown in Fig. S1b. The diffraction peaks of precursor (red line) can be 1 

well indexed into α-Ni(OH)2 with layered hydroxide structure. The broad diffraction 2 

peaks suggest that the α-Ni(OH)2 component has a low crystallinity. After 3 

phosphorization treatment, the diffraction peaks (black line) can be assigned to Ni2P 4 

with hexagonal phase. The XRD patterns of nanopowders further demonstrate the 5 

success of phosphorization treatment. 6 

Fig. 2a shows the optical photographs of CC substrate, Ni(OH)2@CC, Ni2P@CC 7 

and Ni2P@Ni(OH)2@CC. Obviously, the color of the slices changes after each 8 

preparation process, suggesting that the active materials were successfully in-situ 9 

grown on the CC substrate as we desired. Optical photograph in Fig. 2b shows that 10 

the Ni2P@Ni(OH)2@CC electrode is flexible, which is of great significance for the 11 

practical applications of supercapacitors. The morphologies and microstructures of the 12 

electrodes were characterized by SEM and TEM. The CC substrate is weaved by 13 

crossed carbon microfibers (Fig. S2). After in-situ growth, the active materials with 14 

high density are densely packed on the microfibers of CC substrate (Fig. 2c and Fig. 15 

S2b-c). From the high-magnification SEM image (Inset of Fig. 2c), the 16 

Ni2P@Ni(OH)2 shows a three-dimensional (3D) hierarchical architecture which is 17 

assembled by uninterrupted ultrathin nanosheets. The interconnected nanosheets of 18 

Ni2P and Ni(OH)2 result in the formation of 3D network structure with multi-porous 19 

surface, which is promised to provide high specific surface area and abundant open 20 

space. This unique structure can provide numerous electroactive sites and fast ionic 21 

diffusion pathway, which are beneficial for their electrochemical behaviors. EDS 22 
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spectrum of Ni2P@Ni(OH)2@CC (Fig. S3) contains C, O, P and Ni elements, which 1 

is consistent with the XRD results. The EDS elemental mappings of 2 

Ni2P@Ni(OH)2@CC (Fig. 2d) further confirm that the Ni, P and O elements are 3 

uniformly distributed throughout the whole CC microfiber. Compared to the mapping 4 

of P element, the mappings of Ni and O elements show relative larger distribution 5 

areas, suggesting that Ni(OH)2 nanosheets successfully cover on the surface of Ni2P 6 

after the second hydrothermal route. ICP data (Table S1) reveals that the ratio of Ni 7 

and P in Ni2P@Ni(OH)2@CC is greater than 2:1, further confirming that the desired 8 

phase has been successfully formed. For TEM characterization, the active materials 9 

were scraped off from the CC substrate. Fig. 2e-f show the representative TEM 10 

images of Ni2P@Ni(OH)2. HRTEM image in Fig. 2f shows interplanar spacing 11 

distances of 0.204 and 0.233 nm, corresponding to the (201) crystalline plane of Ni2P 12 

and (015) crystalline plane of Ni(OH)2, respectively. 13 

The surface chemical constitutions and electronic states of Ni2P@CC and 14 

Ni2P@Ni(OH)2@CC electrodes were characterized by XPS. Full scan XPS spectrum 15 

of Ni2P@Ni(OH)2@CC (Fig. S4) indicates the existence of C, O, Ni and P elements 16 

in the electrodes. Fig. 3a shows the high-resolution Ni 2p XPS spectra of Ni2P@CC 17 

and Ni2P@Ni(OH)2@CC electrodes. For the Ni2P@CC (the down line in Fig. 3a), the 18 

spectrum shows two spin-orbit doublets peaks at 857.6 and 875.2 eV, corresponding 19 

to the Ni 2p3/2 and Ni 2p1/2 of Ni2+, respectively. Besides, two obvious shakeup peaks 20 

at 862.5 and 880.6 eV are related to the Ni 2p3/2 satellite and Ni 2p1/2 satellite, 21 

respectively. The peaks at 853.0 eV is probably attributed to the metallic Ni with 22 
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binding energy of 852.6 eV, which is due to the partially charged Ni species (Niδ+, δ is 1 

closed to 0) [42]. The high-resolution XPS spectrum of Ni 2p of Ni2P@Ni(OH)2@CC 2 

(top line in Fig. 3a) consists of two spin-orbit doublets characteristics accompanied by 3 

two shakeup satellites. The doublet fitting peaks with binding energies at 857.1 and 4 

874.8 eV correspond to the Ni 2p3/2 and Ni 2p1/2 of Ni2+, respectively. The other two 5 

peaks are two plump shake-up satellite peaks (denoted as ‘‘Sat.’’) of Ni2+ [43]. 6 

Compared to Ni2P@CC, the Ni 2p3/2 peak of Ni2P@Ni(OH)2@CC shifts to lower 7 

binding energy with a difference of 0.5 eV. High-resolution P 2p XPS spectra (Fig. 3b) 8 

shows that the P 2p peaks in Ni2P@CC and Ni2P@Ni(OH)2@CC are 134.7 and 133.6 9 

eV, respectively, corresponding to the typical of phosphate species, which is mainly 10 

due to the partial superficial passivation of P species [44]. Obviously, the P 2p peak in 11 

Ni2P@Ni(OH)2@CC also shifts to lower binding energy with a big difference of 1.1 12 

eV, which is probably due to the improved electron cloud density around the P atoms 13 

by the introduction of Ni(OH)2. These obvious shift phenomenons of Ni 2p and P 2p 14 

indicate the possible existence of strong electronic interactions and electron transfer at 15 

the interface between Ni2P and Ni(OH)2 [45]. The strong electronic interaction can 16 

generate internal electric fields, resulting in the improvement of electronic 17 

conductivity at the interfaces [34]. These results suggest that the in-situ growth of 18 

Ni(OH)2 may greatly affect the electrochemical performance of Ni2P. 19 

Fig. 4a shows the CV curves of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes at a 20 

sweep rate of 5 mV s-1. Fig. 4b reveals the GCD curves of the two electrodes 21 

measured at a current density of 1 mA cm-2. The CV and GCD measurements for the 22 



13 

 

two electrodes are carried out within a potential window from -0.2 to 0.6 V. Both the 1 

Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes exhibit broad redox reaction peaks 2 

with noticeable faradaic current (Fig. 4a) and clearly potential platform (Fig. 4b), 3 

indicating a representative battery-type pseudocapacitive feature [46, 47]. Obviously, 4 

the covering area of CV curve and discharge time of GCD curve for the 5 

Ni2P@Ni(OH)2@CC electrode is far higher than those of Ni2P@CC electrode, which 6 

directly indicates that the second growth of Ni(OH)2 can greatly increase the specific 7 

capacitance and electrochemical performance of Ni2P. Fig. 4c shows the typical CV 8 

curves of Ni2P@Ni(OH)2@CC electrode measured at different sweep rates ranging 9 

from 5 to 50 mV s-1. Two distinct redox peaks can be observed, which are related to 10 

the reversible electrochemical reactions of Ni2+ in the electrolyte. By increasing the 11 

scanning rates from 5 to 50 mV s-1, the redox current increases gradually and the 12 

redox peaks shift to lower potential, which are mainly attributed to the charge 13 

diffusion polarization during the charging process [48, 49]. Fig. 4d reveals the GCD 14 

curves of Ni2P@Ni(OH)2@CC electrode measured at various current densities 15 

ranging from 1 to 10 mA cm-2. All the GCD curves present clearly potential platform, 16 

which further indicates the outstanding battery-type pseudocapacitive characteristics. 17 

Compared with Ni2P@CC (Fig. S5), the GCD curves of Ni2P@Ni(OH)2@CC 18 

electrode at different current densities show more symmetric potential-time shape, 19 

suggesting that the Ni2P@Ni(OH)2@CC electrode shows higher charge/discharge 20 

coulombic efficiency with lower electric polarization. Fig. 4e shows the comparison 21 

of areal capacitances and gravimetric capacitances between Ni2P@CC and 22 
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Ni2P@Ni(OH)2@CC electrodes at various current densities, which were calculated 1 

from the GCD curves according to the equations (1) and (2). Noteworthy, compared 2 

to Ni2P@CC, the Ni2P@Ni(OH)2@CC electrode has higher areal capacitances and 3 

gravimetric capacitances in the whole current densities. At a low current density of 1 4 

mA cm-2, the Ni2P@Ni(OH)2@CC electrode has a gravimetric capacitance of 632 C 5 

g-1 and areal capacitance of 0.73 C cm-2, which are 2 and 2.7 times larger than those 6 

of Ni2P@CC (321 C g-1 and 0.27 C cm-2), respectively. At a high current density of 10 7 

mA cm-2, the gravimetric capacitances of Ni2P@Ni(OH)2@CC and Ni2P@CC 8 

electrodes are 400 and 138 C g-1, respectively. The Ni2P@Ni(OH)2@CC electrode has 9 

an improved rate capability of 63.3 %, while the rate capability of Ni2P@CC is only 10 

42.9 %. 11 

Electrochemical impedance spectra (EIS) is used to evaluate the ions migration rate 12 

on the surface of electrodes, and the transport kinetics of charge diffusion, which is 13 

carried out at an open circuit potential in the frequency ranging from 0.01 Hz to 100 14 

kHz. Fig. 4f shows the Nyquist impedance plot of Ni2P@CC and 15 

Ni2P@Ni(OH)2@CC electrodes. The real axis intercept at the high frequency range 16 

represents ohmic series impedance (Rs), which reflects the ionic resistance of 17 

electrolyte, inherent resistances of electrodes and interface resistance [50]. And we 18 

also use the Rs to reflect the conductivity of the materials [51, 52]. Rs of 19 

Ni2P@Ni(OH)2@CC electrode (0.9168 Ω) was decreased in comparison with that of 20 

Ni2P@CC (1.077 Ω). This suggests that Ni2P@Ni(OH)2@CC has better electron 21 

conductivity and excellent pathways for electron transport [45], which is desirable for 22 
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high power density. The result is accordant with the CV and GCD results, which 1 

indicates that Ni2P@Ni(OH)2@CC has much better electrochemical performance than 2 

Ni2P@CC. 3 

In order to investigate the charge storage mechanism of Ni2P@CC and 4 

Ni2P@Ni(OH)2@CC electrodes, the corresponding CV results were further analyzed 5 

(Fig. S6 and Fig. 4c). Generally, the relationship between measured current (i) and 6 

scan rate (ν) obeys the power law [53-56]: 7 

bavi                                                               (7) 8 

where both a and b are constants. In the case of diffusion-controlled and surface 9 

capacitive processes, b value approaches 0.5 and 1, respectively. Fig. 5 shows the 10 

fitting results of b value using anodic peaks. The b values of Ni2P@CC and 11 

Ni2P@Ni(OH)2@CC are calculated to be 0.50 and 0.62, respectively. This result 12 

suggests that diffusion process is the major factors that determine the electrochemical 13 

properties of Ni2P and Ni2P@Ni(OH)2. Compared to Ni2P, the introduction of 14 

Ni(OH)2 can improve the surface capacitive ability of Ni2P@Ni(OH)2. 15 

Cycling stability is another important criterion in the supercapacitor applications, as 16 

shown in Fig. 6. The capacitive retention of Ni2P@Ni(OH)2@CC electrode was 17 

approximately 81.4% after 1000 charge/discharge cycles at a constant current density 18 

of 2 mA cm-2, much higher than that of Ni2P@CC (51.8%). Compared to Ni2P@CC 19 

electrode, the capacitive retention of the Ni2P@Ni(OH)2@CC electrode increases in 20 

the early cycles and keeps unchanged, indicating that this electrode material has a 21 

good cycling stability. The initial increase in specific capacity could be ascribed to the 22 



16 

 

infiltration and activation of Ni2P@Ni(OH)2@CC electrode, which is also present in 1 

other phosphide materials [57]. Besides, the Ni2P@Ni(OH)2@CC electrode exhibits 2 

over 95% of coulombic efficiency after 1000 charge-discharge cycles, demonstrating 3 

good stability (Fig. S7). And the SEM image of Ni2P@Ni(OH)2@CC electrode after 4 

electrochemical testing is shown in the Fig. S8. Its morphology can still maintain the 5 

multistage nanosheets structure, indicating that the electrode material has good 6 

structural stability. The good cycling stability is mainly due to the unique 7 

three-dimensional hierarchical architecture with self-assembled uninterrupted 8 

ultrathin nanosheets on the surface of the material. 9 

To further investigate the potential applications of the electrode, a hybrid 10 

supercapacitors (HSC) device was assembled by employing Ni2P@Ni(OH)2@CC as 11 

the anode and AC as the cathode. To satisfy the charge balance, the mass of AC was 12 

calculated using the equations (3) and (4). Fig. 7a reveals the CV curves of the HSC 13 

device measured at different scan rates, which show a potential window of 0-1.6 V. 14 

GCD curves of the HSC device are displayed in Fig. 7b. A clearly potential platform 15 

can be seen in all the GCD curves measured at different current densities, suggesting 16 

that the device should possess both electrical double-layer capacity and battery-like 17 

capacity. Fig. 7c shows the corresponding specific capacitances obtained from Fig. 7b. 18 

The specific capacitances are 247.4 and 119.8 mC cm-2 at 1 and 10 mA cm-2, 19 

respectively. The energy density and power density of the Ni2P@Ni(OH)2@CC//AC 20 

HSC device were calculated by the equations (5) and (6). Fig. 7d shows the Ragone 21 

plots of energy densities and power densities obtained from the GCD curves. The 22 

https://www.sciencedirect.com/topics/materials-science/infiltration
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maximum energy density reaches 23.5 Wh kg-1 at a power density of 1158.0 W kg-1, 1 

and remains 12.5 Wh kg-1 at 3756.3 W kg-1. Table S2 shows the comparison of energy 2 

densities and power densities of Ni2P@Ni(OH)2@CC//AC device with other Ni-based 3 

phosphides HSC devices. Obviously, the Ni2P@Ni(OH)2@CC//AC device represents 4 

comparable or even better energy densities. Fig. 7e displays the cycling stability 5 

performance of Ni2P@Ni(OH)2@CC//AC HSC device. The charge/discharge cycles 6 

were operated at 5 mA cm-2 for 5000 cycles. The Ni2P@Ni(OH)2@CC//AC HSC 7 

device reveal good cycling stability, which possesses 75.2% maintenance after 5000 8 

cycles. 9 

4 Conclusions 10 

In summary, three-dimensional hierarchical Ni2P@Ni(OH)2 architecture was in-situ 11 

grown on a flexible carbon cloth substrate, which was used as a novel binder-free 12 

hybrid-type electrode for supercapacitor applications. Taking the combined benefits of 13 

high electronic conductivity of N2P, superior anion exchanging/intercalating capacity 14 

of Ni(OH)2, special 3D porous hierarchical architectures and excellent flexibility of 15 

carbon cloth, the Ni2P@Ni(OH)2@CC electrode shows boosting specific capacitance, 16 

rate capability and charge/discharge cycle stability in comparison with Ni2P@CC. 17 

Charge storage mechanism investigations show that the introduction of Ni(OH)2 can 18 

improve the surface capacitive ability of Ni2P. The assemble 19 

Ni2P@Ni(OH)2@CC//AC hybrid supercapacitor device shows high energy density 20 

and good cycling stability. This study demonstrates that the three-dimensional 21 

hierarchical Ni2P@Ni(OH)2@CC architecture with advanced synergistic effects holds 22 
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great promise as hybrid electrode for supercapacitors. 1 
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Figure captions 21 

Fig. 1 Schematic illustration for the formation mechanism of flexible hierarchical 22 
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Ni2P@Ni(OH)2@CC electrode 1 

Fig. 2 a Optical photographs of CC substrate, Ni(OH)2@CC, Ni2P@CC and 2 

Ni2P@Ni(OH)2@CC. b Optical photograph shows the flexibility of 3 

Ni2P@Ni(OH)2@CC electrode. c Representative SEM images of 4 

Ni2P@Ni(OH)2@CC. Inset shows the magnifying image of Ni2P@Ni(OH)2 nanosheet 5 

arrays on CC substrate. d EDS elemental mappings of Ni, P and O in 6 

Ni2P@Ni(OH)2@CC. e TEM and f HRTEM images of Ni2P@Ni(OH)2 nanosheets 7 

scraped off from the CC substrate 8 

Fig. 3 XPS spectra of a Ni 2p and b P 2p for Ni2P@CC and Ni2P@Ni(OH)2@CC 9 

Fig. 4 a CV curves of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes at 5 mV s-1. b 10 

GCD curves of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes at 1 mA cm-2. c CV 11 

curves of Ni2P@Ni(OH)2@CC electrode at different scan rates. d GCD curves of 12 

Ni2P@Ni(OH)2@CC electrodes at different current densities. e Areal capacitances 13 

and gravimetric capacitances of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes at 14 

various current densities. f EIS of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes. 15 

Inset is a view of the high-frequency region 16 

Fig. 5 Relationship between logarithm anodic peak currents and logarithm scan rates 17 

Fig.6 Cycling stabilities of Ni2P@CC and Ni2P@Ni(OH)2@CC at a current density of 18 

2 mA cm-2 19 

Fig. 7 Ni2P@Ni(OH)2@CC//AC hybrid supercapacitors: a CV curves at different scan 20 

rates. b GCD curves at different current densities. c The specific capacitances at 21 

different current densities. d Ragone plots of power density and energy density. e 22 
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Cycling stability at 5 mA cm-2 for 5000 cycles. 1 



Figures

Figure 1

Schematic illustration for the formation mechanism of �exible hierarchical Ni2P@Ni(OH)2@CC electrode



Figure 2

a Optical photographs of CC substrate, Ni(OH)2@CC, Ni2P@CC and Ni2P@Ni(OH)2@CC. b Optical
photograph shows the �exibility of Ni2P@Ni(OH)2@CC electrode. c Representative SEM images of
Ni2P@Ni(OH)2@CC. Inset shows the magnifying image of Ni2P@Ni(OH)2 nanosheet arrays on CC
substrate. d EDS elemental mappings of Ni, P and O in Ni2P@Ni(OH)2@CC. e TEM and f HRTEM images
of Ni2P@Ni(OH)2 nanosheets scraped off from the CC substrate



Figure 3

XPS spectra of a Ni 2p and b P 2p for Ni2P@CC and Ni2P@Ni(OH)2@CC



Figure 4

a CV curves of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes at 5 mV s-1. b GCD curves of Ni2P@CC and
Ni2P@Ni(OH)2@CC electrodes at 1 mA cm-2. c CV curves of Ni2P@Ni(OH)2@CC electrode at different
scan rates. d GCD curves of Ni2P@Ni(OH)2@CC electrodes at different current densities. e Areal
capacitances and gravimetric capacitances of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes at various



current densities. f EIS of Ni2P@CC and Ni2P@Ni(OH)2@CC electrodes. Inset is a view of the high-
frequency region

Figure 5

Relationship between logarithm anodic peak currents and logarithm scan rates



Figure 6

Cycling stabilities of Ni2P@CC and Ni2P@Ni(OH)2@CC at a current density of 2 mA cm-2



Figure 7

Ni2P@Ni(OH)2@CC//AC hybrid supercapacitors: a CV curves at different scan rates. b GCD curves at
different current densities. c The speci�c capacitances at different current densities. d Ragone plots of
power density and energy density. e Cycling stability at 5 mA cm-2 for 5000 cycles.
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