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Abstract
The low structural stability and sluggish charge-transfer kinetics of transition metal phosphides (TMPs) hinder 
their application in hybrid supercapacitors. The realization of advanced OH- storage critically depends on the 
delicate TMP designs, particularly their chemical composition and structure. Herein, a synergistic engineering 
approach based on metal-organic framework (MOF)-derived C-coated bimetallic phosphides and P vacancies (Pv) 
was proposed. Using a Ni-Co-based MOF, a one-step high-temperature carbonization and phosphidation method 
was employed as the precursor to prepare a rose-like Ni1-xCoxP composite (Ni1-xCo�P@NC), comprising a N-doped 
carbon (NC) coating and Pv. Physical characterization and theoretical calculations indicated that the open 
structure with porous Ni1-xCoxP@NC nanosheets originating from high-temperature pyrolysis of Ni-Co-based MOF 
provides abundant redox-active sites, and the NC layer offers excellent mechanical support for persistent 
electron/OH- transfer. The bimetallic phosphides, surface Pv, and NC coating synergistically enhance the electrical 
conductivity of TMPs, reduce the energy barriers for OH- adsorption, and accelerate charge-transfer kinetics. The 
prepared Ni1-xCoxP @NC electrode possessing an open architecture exhibits a high specific capacitance 
(2,108 F g-1 at 1 A g-1) and excellent rate capability (1,710 F g-1 at 10 A g-1). Furthermore, the assembled active 
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carbon//Ni1-xCoxP P@NC hybrid supercapacitor demonstrates an energy density of 37.7 Wh kg-1 at a power density 
of 750 W kg-1. Our study presents a promising strategy for modifying TMP electrodes to realize efficient and stable 
OH- storage in hybrid supercapacitors.

Keywords: Ni-Co bimetallic phosphides, P vacancies, rose-like open structures, OH -  storage, hybrid 
supercapacitors

INTRODUCTION
Supercapacitors are a rapidly advancing class of energy storage and conversion devices owing to their 
present superior power density and longer life than those of secondary batteries[1]. The current commercial 
double-layer supercapacitors exhibit energy densities of < 10 Wh kg-1, and the development of high-energy 
and high-power density electrode materials is crucial for increasing the application value of 
supercapacitors[2]. Transition metal phosphides (TMPs) have received widespread attention owing to their 
advantages concerning electrical conductivity and high capacitance[3,4]. Reportedly, Ni- and Co-based 
phosphides possessing high electrochemical activity are promising materials for fabricating 
high-performance supercapacitors[5]. Specifically, Ni-based phosphides possess high capacitance, whereas 
Co-based phosphides exhibit rapid electrochemical reactions and high structural stability[6-8]. The synergistic 
effects of bimetallic compounds offer mixed-valence states and richer Faradaic oxidation active sites[9]. 
Therefore, Ni-Co bimetallic TMPs exhibit considerable potential for realizing favorable electrical 
conductivity and prolonging the service life compared with monometallic phosphides[10,11]. However, the 
inherent semiconductor properties and crystal-structural instability of TMPs lead to sluggish electrode 
kinetics and low cycle stability, substantially hindering their practical energy-storage applications.

Among various structural design strategies, defect engineering is an “inherent” approach for effectively 
modulating the charge distribution to optimize the electrode reaction kinetics[12,13]. For instance, oxygen 
vacancies (Ov) have been extensively studied in supercapacitors because they can serve as shallow donors to 
increase the carrier concentration and conductivity of the active materials[14]. Fu et al.[15] prepared yolk-shell-
structured MnO2 microspheres comprising Ov, which exhibited a reduced charge-transfer resistance and a 
superior rate capability. Coincidentally, introduced P vacancies (Pv) can also create active sites to modulate 
the electronic structure of the TMPs and reduce the OH- reaction barrier to enable electron mobility and 
enhance the electrochemical activity[16,17]. Li et al.[17] induced Pv in a CoP@FeP2 heterostructure via a 
biotemplate-derived method. Pv substantially influences the abundance of lone pair electrons in the crystal 
structure, building massive superhighways in the CoP@FeP2 heterostructure for increasing the electron/OH- 
transfer rates within the electrode (1,028.8 F g-1 at 5 mV s-1). Zhang et al.[18] employed Ar plasma etch 
lattice-like CoP grown on nickel foam (NF) substrates to adjust the concentration of Pv in the CoP/NF 
composites. Compared with that of pristine CoP, the capacitance of the sample based on Pv increased by 1.7 
times, exhibiting a high capacitance retention rate (90% after 5,000 cycles). These studies reveal that the 
introduced Pv can not only enhance the intrinsic conductivity of the TMP material but also induce 
additional active sites to improve OH- storage capability. However, research on the simultaneous efforts of 
bimetallic Ni-Co and Pv on the electrochemical properties of TMPs remains insufficient. Additionally, the 
underlying electrode reaction mechanism in supercapacitors requires further investigation.

In addition to introducing “intrinsic” vacancies in materials, an “extrinsic” strategy has been adopted in 
recent research. By modulating the TMP morphology or introducing functional conductive components, 
the electrical conductivity and structural stability of TMPs can be considerably enhanced[19]. Carbon 
(C)-based conductive networks, such as those based on amorphous carbon[20], carbon nanotubes (CNTs), 
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and graphene, can improve the electron migration ability and alleviate the pulverization of TMPs during the 
working state[21]. Yi et al. synthesized a bimetallic Ni-Co phosphide comprising a N, P codoped C layer 
(NiCoP/NPC) via an ionic liquid-assisted method[22]. Density functional theory (DFT) calculations revealed 
that NPC accelerates electron transfer and generates additional active sites. Qian et al. prepared a 
NiCo-phosphide/NiCo layered double oxide CNT composite (NCP/LDO-CNT)[23]. The presence of a small 
amount of CNTs effectively prevented the self-assembly of NCP/LDO nanosheets into nanoflowers and 
created abundant electron migration paths, resulting in a good rate capability and structural stability of the 
NCP/LDO-CNT electrode. However, the aforementioned C sources mostly comprise exogenous carbon, 
leading to complex synthetic pathways, low dispersion, and weak binding forces between C and the metal 
components.

In the past decade, metal-organic frameworks (MOFs) have been demonstrated as ideal sacrificial templates 
for preparing functional nanomaterials[24]. Our research group previously designed functional electrode 
materials through the MOF derivative method, including a polyhedral star configuration NiS/Co9S8 
heterojunction[25], hollow sphere functional MnO2

[26], hollow MnO2 cuboid with active Mn3+ and Ov[27], etc. 
Compared with the transition metal oxides and sulfides reported above, MOF-derived Ni-Co bimetallic 
phosphide/carbon composites have outstanding advantages such as higher electronic conductivity, higher 
specific capacitance, and enhanced rate capability[28]. From the perspective of material design strategies, 
metal compound/C composites prepared via the MOF-derived method exhibit the following advantages: (1) 
high preparation efficiencies and mild conditions; (2) large surface areas and tunable pore structures; (3) 
highly homogeneous metal compound/C composites after pyrolysis by the periodically arranged organic 
ligands and metal ions[29]. Thus, NiCoP-based composites with functional C coatings derived from MOFs 
exhibit superior abilities in addressing the abovementioned intrinsic drawbacks to promote the 
electrochemical reaction kinetics of NiCoP-based electrodes.

Herein, a synergistic engineering approach based on MOF-derived C-coated bimetallic phosphides and Pv 
engineering is proposed. The Pv-enriched porous N-doped carbon (NC)-coated Ni1-xCoxP (Ni1-xCoxP@NC) 
comprising a blooming rose-like structure was prepared via one-step high-temperature carbonization and 
phosphidation of Ni-Co-based MOF precursors. This method ensures the uniform and tight binding of the 
C layer and metal sites, resulting in a porous TMP composite comprising a rose-like morphology and the 
inherited MOF matrix. The open structure provides abundant redox-active sites, whereas the C framework 
offers a high-speed electron-transport pathway, ensuring high capacitance and rate capability of the 
Ni1-xCoxP@NC electrode. Considering the composition design, the synergistic interplay of Co and Ni in the 
bimetallic phosphides alters the electronic distribution of the metal sites, enhancing the OH- adsorption 
ability of the material. Additionally, the introduced Pv synergistically regulates the electronic structure, 
reducing the reaction barrier and accelerating the charge migrate kinetics in Ni1-xCoxP. The fabricated 
Ni1-xCoxP@NC electrode exhibits an ultrahigh specific capacitance of 2,108 F g-1 at 1 A g-1, reaching 
1,699 Fg-1 even at 10 A g-1 indicating its outstanding rate capability. Furthermore, the hybrid supercapacitor 
(HSC) assembled using the Ni1-xCoxP@NC anode and active carbon (AC) cathode exhibits a high energy 
density of 37.7 Wh Kg-1 at 750 W Kg-1.

EXPERIMENTAL
Materials
All chemicals were analytically graded and used as received without further purification. Ethanol (AR), 
ethylene glycol (AR), nickel nitrate tetrahydrate [Ni(NO3)2·4H2O] (AR) and cobalt nitrate hexahydrate 
[Co(NO3)2·6H2O] (AR) were purchased from Tianjin Damao Chemical Reagent Co., Ltd. Nicotinic acid. 
(AR) was purchased from Shanghai Macklin Biochemical Co., Ltd. Sodium hypophosphite (NaH2PO2·H2O), 
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sodium hydroxide (NaOH) (AR) and N-methyl-pyrrolidone (NMP) were received from Tianjin Zhiyuan 
Chemical Reagent Co., Ltd.. AC was received from Nanjing Xianfeng Nano Material Technology Co., Ltd.

Synthesis of NiCo-MOF, Ni-MOF and Co-MOF
Typically, 6.4 mmol nicotinic acid, 1 mL deionized water and 0.15 g NaOH were first added in 120 mL 
mixed solution of ethanol and ethylene glycol (volume ratio = 1:1) under magnetic stirring for 0.5 h. Then 
2.66 mmol Ni(NO3)2·4H2O and 1.33 mmol Co(NO3)2·6H2O was added into the above mixture. After 
vigorous stirring for another 0.5 h, the transparent purple solution was sealed in a 100 mL Teflon-line 
autoclave and kept at 100 °C for 10 h. The resultant precipitate was collected by centrifugation, washed with 
ethanol and dried at 60 °C, the product was named as NiCo-MOF. The Ni-MOF, Co-MOF are prepared 
with the same procedures mentioned above, except the addition amount of metal salt, for the synthesis of 
Co-MOF and Ni-MOF, the addition amounts of Co(NO3)2·6H2O and Ni(NO3)2·4H2O were adjusted to 
4 mmol respectively.

Synthesis of phosphorus vacancies Ni1-xCoxP@NC, Ni2P@NC and CoP@NC
The N-doped carbon-coated TMP materials with phosphorus vacancies were obtained by one-step 
high-temperature pyrolysis of MOF precursors. Specifically, 50 mg of the MOF precursor and 150 mg of 
NaH2PO2·H2O were placed downstream and upstream in a tube. Subsequently, annealed at 500 °C for 2 h 
under Ar atmosphere with a heating rate of 5 °C min-1. After cooling to room temperature, the final product 
was successfully prepared. The NiCo-MOF, Co-MOF and Ni-MOF derived materials were named as 
Ni1-xCoxP@NC, Ni2P@NC, and CoP@NC, respectively.

RESULTS AND DISCUSSION
The synthesis procedure of the Ni1-xCoxP@NC composite is illustrated in Figure 1A. First, Co2+ and Ni2+ are 
subjected to a solvothermal reaction with nicotinic acid in an ethanol/ethylene glycol mixed solution in the 
presence of trace water and NaOH to obtain NiCo-MOF precursors. Trace water facilitated the dissolution 
of NaOH in ethanol/ethylene glycol and nicotinic acid deprotonation, thereby promoting crystal 
nucleation[30]. Scanning electron microscopy (SEM) images [Figure 1B, Supplementary Figure 1A and B] 
demonstrate that the prepared NiCo-MOF possesses a “blooming rose-like” morphology (diameter≈5 μm), 
with rose petals comprising 150 nm thick sheets. In contrast, Ni-MOF and Co-MOF prepared using the 
same method exhibit distinct morphologies [Supplementary Figure 1C-F]. The Ni-MOF presented a 
uniform “rice-like” morphology (0.3μm × 1.3μm), whereas the Co-MOF demonstrated a “lantern-like” 
structure (diameter≈10 μm), indicating that the addition of Co2+ during Ni-MOF synthesis induces a 
transition from its original “rice-like” morphology to a lamellar structure similar to the Co-MOF structure. 
However, different from the closed “lantern-like” Co-MOF structure, the NiCo-MOF nanoflakes 
subsequently aggregated into “rose-like” open structures. The NiCo-MOF was then employed as sacrificial 
templates, and NaH2PO2·H2O was utilized as the P source to directly obtain Ni1-xCoxP@NC via a one-step 
high-temperature pyrolysis[31]. For comparison, the Ni-MOF and Co-MOF precursors were pyrolyzed under 
the same conditions to obtain Ni2P@NC and CoP@NC products, respectively. Simultaneously, the PH3 
generated during NaH2PO2 decomposition phosphatized the MOF precursor and promoted pore formation 
in the derivative. SEM images reveal that the Ni1-xCoxP@NC [Figure 1C and Supplementary Figure 2A] and 
CoP@NC [Supplementary Figure 2B] samples have successfully inherited the morphology of the MOF 
precursor, indicating the good stability of the structure during the high-temperature treatment. In contrast 
to the MOF precursor, the “rose petals” of the pyrolyzed Ni1-xCoxP@NC exhibit a uniform porous structure 
[Figure 1D]. Conversely, Ni2P@NC [Supplementary Figure 2C] displays an irregular granular morphology. 
During pyrolysis, the carbonization of nicotinic acid yields an NC conductive network for in situ TMP 
encapsulations. Transmission electron microscopy (TEM) images [Figure 1E and F, Supplementary Figure 3
] reveal that the Ni1-xCoxP is uniformly coated with an amorphous ~10 nm-thick C layer. As depicted in 
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Figure 1. Fabrication and microstructure characterization of Ni1-xCoxP@NC composite. (A) The preparation process of rose-like 
structure Ni1-xCoxP@NC; SEM images of (C) NiCo-MOF (C and D) Ni1-xCoxP@NC; (E and F) TEM images of Ni1-xCoxP@NC; (G) Selected 
area electron diffraction patterns (up) and enlarged view of the square in Figure 1F (down); (H) Element mapping images of 
Ni1-xCoxP@NC. Ni1-xCoxP@NC: N-doped carbon (NC)-coated Ni1-xCoxP; SEM: scanning electron microscopy; MOF: metal-organic 
frameworks; TEM: transmission electron microscopy.

Figure 1G, the contiguous diffraction rings observed in the selected area electron diffraction (SAED) 
patterns of the Ni1-xCoxP sample correspond to the (111), (201), and (210) crystal planes of the NiCoP phase. 
Additionally, the high-resolution TEM (HR-TEM) images reveal clear lattice fringes with a spacing of 
0.22 nm, corresponding to the (111) crystal plane of NiCoP [Figure 1G]. Notably, several lattice vacancies 
were observed on the NiCoP crystal planes, which can be attributed to the formation of Pv. Elemental 
mapping results reveal a uniform distribution of Ni, Co, C, P, and N elements in a rose-like opened 
structure, indicating the molecular-level integration of the C network and Ni1-xCoxP in the NiCo-MOF 
derived from lamellar Ni1-xCoxP@NC composite [Figure 1H]. As mentioned earlier, the porous structure of 
the Ni1-xCoxP@NC material exposes abundant active sites and accelerates the electron/OH- transfer. 
Additionally, the uniform NC coating effectively enhances the electron transfer, buffers the volume strain 
during repeated charge-discharge cycles, and improves the structural stability of the Ni1-xCoxP@NC 
electrode.

The X-ray diffraction (XRD) patterns [Supplementary Figure 4A] indicate that the phase structure of 
Ni1-xCoxP@NC is considerably different from that of CoP@NC (PDF#29-0497), but quite similar to that of 
Ni2P@NC (PDF#74-1385) [Supplementary Figure 4B]. Specifically, the main diffraction peaks of 
Ni1-xCoxP@NC observed at 40.7°, 44.5°, 47.3°, and 54.1° are indexed to the (111), (201), (210), and (300) 
planes of NiCoP, respectively, whereas the broad peak at approximately 25° corresponds to the (002) plane 
of graphite[32,33], which are consistent with the TEM results. Meanwhile, the peak corresponding to the (002) 
plane of amorphous graphite appears at the same position in the patterns of the CoP@NC and Ni2P@NC 
samples, indicating the successful carbonization of organic ligands in the MOF precursor. According to the 
inductively coupled plasma (ICP) analysis, the Ni:Co ratio in Ni1-xCoxP@NC is 0.83:0.17; therefore, the 
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chemical composition of Ni1-xCoxP@NC is Ni0.83Co0.17P@NC [Supplementary Figure 5]. Supplementary 
Figure 6 depicts the Raman spectra of Ni1-xCoxP@NC, CoP@NC, and Ni2P@NC composites, revealing that 
all the sample spectra comprise two distinct peaks at 1,370 cm-1 and 1,580 cm-1, which correspond to the 
defect (D) and graphitic (G) bands of C, respectively. Notably, the G-to-D band intensity ratio (IG/ID ratio) 
of the samples gradually increases with Co content, suggesting that Co incorporation augments the 
graphitization degree of C, which is favorable for enhancing the conductivity of the materials[34].

The presence of vacancies was analyzed through electron paramagnetic resonance (EPR) spectroscopy. The 
broad peak signal (g≈2.0) depicted in Figure 2A indicates the presence of unpaired electrons, corresponding 
to Pv in the Ni1-xCoxP@NC, CoP@NC, and Ni2P@NC samples[35]. The formation mechanism of Pv is 
speculated as follows: in the preparation of MOFs, the introduction of Co2+ causes partial damaged original 
Ni-MOF crystal structure and introduces a large number of defects[36]. Subsequently, during one-step 
pyrolysis at 500 °C, the redox reactions led to the partly phosphorus loss of the Ni1-xCoxP@NC material and 
the phosphorus vacancies were induced[33]. The signal intensity of Ni1-xCoxP@NC was higher than that of 
CoP@NC and Ni2P@NC, indicating a larger number of Pv in Ni1-xCoxP@NC; this is mainly because of the 
increase in the lattice disorder due to the induction of Co atoms in Ni1-xCoxP@NC. The presence of Pv 
increases the number of lone electron pairs in Ni1-xCoxP@NC, which would form an electronic transmission 
channel to boost the electrochemical performance. The nitrogen adsorption-desorption isotherms of 
as-prepared samples are shown in Supplementary Figure 7, the Brunauer-Emmett-Teller (BET) specific 
surface area (SSA) for Ni1-xCoxP@NC, CoP@NC, and Ni2P@NC are 4.2, 12.7, 3.0 m2 g-1, respectively. The 
SSA of Ni1-xCoxP@NC composites shows improvement over Ni2P@NC, suggesting that Co incorporation 
into Ni2P can partially inhibit Ni2P from self-aggregation. The N2 adsorption/desorption isotherms of 
Ni1-xCoxP@NC reveal a rapid increase in N2 adsorption volume at high relative pressure (P/P0 > 0.9), 
suggesting the existence of macropores. Additionally, the pore size distribution indicates that the pores in 
the Ni1-xCoxP@NC are mainly micropores with a diameter of 1.5 nm. The presence of numerous macropores 
and mesopores within the structure considerably enhances the mass-transfer capability, whereas the 
abundant micropores offer extensive space and numerous active sites that are conducive to OH- adsorption 
and electrochemical reactions.

X-ray photoelectron spectroscopy (XPS) analysis was used to investigate the surface chemical state of the 
samples, and the comprehensive spectrum survey confirmed the coexistence of Ni, Co, P, C, and N in the 
Ni1-xCoxP@NC, which was consistent with the elemental mapping results [Supplementary Figure 8]. 
Considering the Ni 2p XPS spectra of the Ni1-xCoxP@NC sample, the peaks at 874.9 and 878.2 eV 
correspond to 2p1/2, whereas the peak signals at 857.2 and 853.2 eV are attributed to the 2p3/2 of Ni2+ 
[Figure 2B][37,38]. Similarly, in the Co 2p XPS spectra, two main peaks (798.0 and 782.2 eV) are assigned to 
2p1/2 and 2p3/2 of the Co2 + species. Moreover, two satellite peaks can be detected at 803.4 eV (Co 2p1/2 Sat.) 
and 787.5 eV (Co 2p3/2 Sat.) can also be detected [Figure 2C][39,40]. In the P 2p region, the peaks at 
approximately 129.6 and 134.1 eV correspond to the P-M (M=Ni2+, Co2+) bond and P-O species originating 
from the oxidation of the sample during preparation [Figure 2D]. The P-O species can effectively alleviate 
the structural damage during the electrochemical reaction, enhancing the stability of the Ni1-xCoxP. The 
binding energies in the Ni 2p spectra of Ni1-xCoxP@NC shift to the negative regions (-0.84 and -0.56 eV) 
compared with those in the Ni2P@NCs spectra, indicating that more electrons are obtained by the Ni 
element in the Ni1-xCoxP@NC composite. Combining these findings with the EPR results, the possible 
reason can be attributed to the presence of a larger number of Pv in the Ni1-xCoxP@NC composite[41]. In 
addition, the Co 2p spectra of Ni1-xCoxP@NC exhibit a slight positive shift (0.25 eV) compared with that of 
CoP@NCs. In bimetallic phosphides, the electron affinity of Ni is stronger than that of Co, causing the 
transfer of electrons from Co to Ni. This electron transfer modifies the electronic structures of the metal 
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Figure 2. Physical characterization of prepared samples. (A) EPR image of Ni1-xCoxP@NC, Ni2P@NC and CoP@NC composites. 
High-resolution XPS spectra of (B) Ni 2p; (C) Co 2p; (D) P 2p; (E) C 1s and (F) N 1s of Ni1-xCoxP@NC, Ni2P@NC and CoP@NC samples. 
Ni1-xCoxP@NC: N-doped carbon (NC)-coated Ni1-xCoxP; EPR: electron paramagnetic resonance; XPS: X-ray photoelectron spectroscopy.

atoms, enhancing the electrochemical properties of the Ni1-xCoxP@NC composite[42]. Accordingly, in the
Ni1-xCoxP@NC composite, the higher content of Pv brings more free electrons that shift toward the metal
ions, leading to a positive shift of the P2p spectra. The charge interaction and redistribution in the
Ni1-xCoxP@NC composite are beneficial for inducing a built-in electric field (BIEF) to facilitate electron
migration. The C 1s spectra of the Ni1-xCoxP@NC can be divided into the regions of C-C/C=C (284.6 eV),
N-C, (285.6 eV), and C=O (287.1 eV) bonds. Further, the inset figure reveals potential N-doping sites within
the C lattices[43], confirming the existence of N-C species [Figure 2E]. The peaks at approximately 398.8 eV,
400.8 eV, and 402.7 eV in high-resolution N 1s spectrum are attributed to pyridinic-N, pyrrolic-N, and
graphitic-N, respectively [Figure 2F]. Doped-N in the C lattice promotes the interaction between the OH-

solution and the Ni1-xCoxP@NC electrode interface, improving the OH- storage capability[22,28].

The electrochemical properties of the Ni1-xCoxP@NC composite were evaluated by a three-electrode system
in a 6 M KOH solution. The cyclic voltammetry (CV) curve of the Ni1-xCoxP@NC electrode reveals a
prominent pair of redox peaks at 0.29 and 0.41 V [Figure 3A] which are derived from its battery-type
behavior. The Faradaic redox reactions in the OH- electrolyte can be given as follows[44,45]:

NiCoP + OH- ↔ NiCoPOH + e-                                                        (1)

NiCoPOH + OH- ↔ NiCoPO + H2O + e-                                               (2)

The first step is the oxidation process of NiCoP, and the second stage is the further reaction of NiCoP with
OH- ions to form NiCoPO. During the redox reaction, several different PO phases would be generated and
contribute to extra capacitance. The redox peak potentials of the Ni1-xCoxP@NC electrode are between those
of the Ni2P@NC and CoP@NC electrodes, indicating the synergistic effects of Ni and Co on the
Ni1-xCoxP@NC electrode[46]. When the scan rate increased from 5 to 50 mV s-1, the CV curves did not exhibit
evident deformation, indicating fast OH- reaction kinetics. The Ni1-xCoxP@NC electrode exhibits the largest
CV integral area compared with the Ni2P@NC and CoP@NC electrodes, indicating that Ni1-xCoxP@NC has
a higher specific capacitance and OH- storage capability than the other samples [Supplementary Figure 9]. It
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Figure 3. Electrochemical performance of three-electrode system. (A) CV curves of Ni1-xCoxP@NC electrode; (B) Corresponding log (i) 
vs log (v) plots at specific peaks; (C) Typical diffusion-controlled fraction at 10 mV s-1 of the Ni1-xCoxP@NC electrode (inset is the 
capacitive and diffusion-controlled charge storage at different scan rates); (D) Bode modulus plots; (E) GCD curves of Ni1-xCoxP@NC 
electrode; (F) Specific capacitance of Ni1-xCoxP@NC, Ni2P@NC and CoP@NC electrode at different current densities; (G) Comparison of 
the rate capability with reported NiCo-bimetallic phosphides electrodes; (H) Cycle performance of different electrodes. Ni1-xCoxP@NC: 
N-doped carbon (NC)-coated Ni1-xCoxP; CV: cyclic voltammetry; GCD: galvanostatic charge/discharge.

can be proved that moderate content of Pv in the electrode would generate an electronic transmission 
channel, enhance transporting ability of negative charges and further boost pseudocapacitive reaction 
kinetics. So, the remarkably intensifying energy storage ability of Ni1-xCoxP@NC is attributed to the 
synergistic effect of nickel-cobalt bimetallic center and Pv. An in-depth analysis of the charge storage 
mechanism is conducted by calculating the b-value, which represents the relation between log (i) and log (v) 
obtained from the CV curves. [Figure 3B]. Notably, the b-values of all the electrodes were 0.5-1, indicating 
that the charge storage process is governed by both capacitive-controlled and diffusion-controlled 
mechanisms[47]. The b-value of the Ni1-xCoxP@NC electrode (0.72) was between the b-values of the 
Ni2P@NC (0.58) and CoP@NC (0.84) electrodes, further confirming the synergistic effects of the Ni-Co 
bimetallic phosphide. Furthermore, a quantitative analysis was performed at different scan rates. The typical 
capacitive contribution of Ni1-xCoxP@NC at 10 mV s-1 is shown in Figure 3C. The contributions of the 
capacitive- and diffusion-controlled processes were 29.4% and 70.6%, respectively, indicating that the 
diffusion-controlled process is dominated at low scan rate. As the scan rate increases, the 
diffusion-controlled contribution decreases due to ion migration and charge transfer rates failing to keep 
pace with the change in scan rate. Obviously, as the scan rate increases to 50 mV s-1, the capacitance 
contribution rises to 52.0%, indicating that the capacitive control becomes dominant at high scan rate. 
Electrochemical impedance spectroscopy (EIS) analysis demonstrates that all the electrodes exhibit minimal 
ohmic resistances [Supplementary Figure 10 and Figure 3D]; comparatively, the Ni1-xCoxP@NC electrode 
has the smallest diffusion internal resistance (Rw: 0.85 Ω) and interfacial charge transfer resistance 
(Rct: 0.35 Ω) [Supplementary Table 1] and lowest total impedance accumulation at low frequencies 
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[Figure 3D], indicating that the Pv and NiCo-Bimetallic optimized the internal electronic environment and 
thereby synergistically enhance the OH- migration rate of the prepared Ni1-xCoxP@NC materials[48]. When 
Pv is created in the TMP lattice, the transition metal elements near it are positively charged state, and more 
electrons can be adsorbed to participate in the redox reaction. After the generation of Pv, the adjacent lattice 
atoms will form dangling bonds, and these dangling bonds will form an electron transport channel to 
promote more electrons to participate in the redox reaction, thus further improving the electrochemical 
performance of Ni1-xCoxP@NC materials.

Galvanostatic charge/discharge (GCD) tests were performed at the rent rates ranging from 1 to 10 A g-1 
[Figure 3E and Supplementary Figure 11A-C]. When the potential is above 0.4 V, the CV curves of the 
CoP@NC electrode indicate evident side reactions, and the GCD potential window of the NC electrode is 
0.42 V. All the GCD curves exhibit a nonlinear behavior with noticeable potential plateaus, indicating 
electrochemical battery-type characteristics, which is consistent with the CV results. The IR drop values of 
the Ni1-xCoxP@NC, Ni2P@NC and CoP@NC electrodes at 1 A g-1 and 10 A g-1 were calculated from the GDC 
results [Supplementary Table 2]. The Ni1-xCoxP@NC electrode shows the smallest IR drop value (0.11 mV) 
at 10 A g-1 (Ni2P@NC and CoP@NC are 23 and 11 mV, respectively), indicating that Ni1-xCoxP@NC 
possesses the fastest current response rate. The gravimetric capacitance of the Ni1-xCoxP@NC electrode is 
2,108 F g-1 at 1 A g-1, whereas the corresponding values of Ni2P@NC and CoP@NC are 502 and 512 F g-1, 
respectively [Supplementary Table 2]. Encouragingly, the Ni1-xCoxP@NC electrode demonstrates a relatively 
excellent capacitance retention of 81.1% at 10 A g-1, compared with the capacitance retention values of 
Ni2P@NC and CoP@NC, which are 67.7% and 85.5%, respectively [Figure 3F and Supplementary Figure 12]. 
The Ni1-xCoxP@NC electrode demonstrates remarkable comprehensive advantages concerning capacitance 
and rate performance, which is primarily attributed to the synergistic effects of porous rose-liked 
architecture, NC framework, and BIEF generation in the Ni1-xCoxP@NC[49]. The gravimetric capacitance and 
rate capability of Ni1-xCoxP@NC are highly competitive with those of the recently reported Ni-Co bimetallic 
phosphide [Figure 3G and Supplementary Table 3][19,21-23,50-54]. The multiphase interface formed by NC and 
Ni1-xCoxP enriched with Pv exhibits strong charge interactions, creating a BIEF that accelerates the charge 
transport and enhances the electrode reaction kinetics[55]. Additionally, long-term high-rate measurements 
revealed that the Ni1-xCoxP@NC electrode retained 54.1% of its initial capacitance after 8,000 cycles at 
50 mV s-1 [Figure 3H], which was substantially higher than that observed for the Ni2P@NC electrode 
(31.7%). As shown in Supplementary Figure 13A, the Ni1-xCoxP@NC electrode shows the faint outline of the 
“rose” after a long-term cycle, but the "rose" petals progressively accumulate owing to the extended 
electrochemical reaction process. The TEM results [Supplementary Figure 13B and C] reveal that the 
surface of the Ni1-xCoxP@NC is snugly encapsulated by a carbon layer, whereas the lattice spacing of 
Ni1-xCoxP@NC has expanded to 0.27 nm, potentially attributable to the repetitive intercalation/
deintercalation of electrolyte ions. Furthermore, the SAED pattern [Supplementary Figure 13D] 
demonstrates that the crystal structure remains well-preserved after extensive cycling, attesting to the 
chemical stability of Ni1-xCoxP@NC. During cycling, the rose petals supported each other and cushioned the 
mechanical stress, while the surface NC coating effectively buffered the volumetric strain during long-term 
cycles, maintaining the structural stability of the Ni1-xCoxP@NC electrode.

To further reveal the intrinsic properties of the as-fabricated samples, the electronic structure and the OH- 
reaction kinetics were investigated via DFT calculations. The optimization models for Pv-riched Ni1-xCoxP, 
Ni1-xCoxP without Pv, Ni2P, and CoP are presented in Figure 4A and Supplementary Figure 14. The 
calculated total density of states (DOS) of Pv-riched Ni1-xCoxP indicates stronger electron delocalization 
near the Fermi level than that in Ni1-xCoxP without Pv, Ni2P, and CoP, leading to a smaller electronic 
transition band gap [Figure 4B and Supplementary Figure 15A-C][9,55]. This is primarily attributed to the 
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Figure 4. Theoretical calculations and physical simulations. (A) Optimized model of and (B) total DOS stimulation of Pv-riched 
Ni1-xCoxP; (C) The adsorption model and the comparison of adsorption energies of OH- among Pv-riched Ni1-xCoxP, Ni1-xCoxP without Pv, 
Ni2P and CoP; (D) Schematic illustration of enhanced reaction kinetics of Ni1-xCoxP@NC electrode in OH- electrolyte; (E) Simulations of 
(i) electric field, (ii) charge density distribution, (iii) temperature difference and (iv) structure deformation in Ni1-xCoxP@NC composite 
(0.5 V). Ni1-xCoxP@NC: N-doped carbon (NC)-coated Ni1-xCoxP; DOS: density of states; Pv: P vacancies.

BIEF induced by the Pv and the synergistic effects of the bimetallic components. The determination of 
adsorption energy is crucial for understanding the redox reaction kinetics and OH- transfer efficiency 
between the active material and the electrolyte. Figure 4C shows the OH- adsorption energies for the Pv-rich 
Ni1-xCoxP, Ni1-xCoxP without Pv, Ni2P, and CoP surfaces are -3.98, -3.93, -3.11, and -3.78 eV, respectively, 
demonstrating that the synergistic effects between the Ni-Co bimetallic components and Pv can decrease 
the energy barriers of OH- diffusion and improve the rate capability of the Ni1-xCoxP@NC electrode. The 
charge distribution of Ni1-xCoxP is shown in Supplementary Figure 16, confirming that the presence of Pv 
can effectively adjust the charge distribution. The local BIEF is formed around the Pv, which results in an 
unbalanced charge distribution and generates positively and negatively charged regions, producing the 
driving force for electron/OH- migration[56,57]. Therefore, the OH- reaction kinetic mechanism of the Pv-rich 
Ni1-xCoxP@NC electrode has been proposed [Figure 4D]. Prior to charging, owing to its potent adsorption 
capability, the Pv-rich Ni1-xCoxP@NC material captures abundant OH-, ensuring an ample supply of 
reacting substances for the electrode reaction. Once charging commences, the BIEF induced by the Pv and 
the synergistic effects of the NC framework accelerates the electron transfer, boosting the surface reaction of 
OH-. Such an advanced mechanism maintains the stable operation of electron/OH-, considerably 
accelerating the kinetic process of the Ni1-xCoxP@NC electrode in the OH--based electrolyte.

COMSOL simulations were performed to further explore the physical properties of the Ni1-xCoxP@NC 
composite. Figure 4E (i) demonstrates that the electric field distribution in the Ni1-xCoxP@NC material is 
uniform, and strong localized electric fields are not observed. Figure 4E (ii) reveals that a substantial amount 
of charge is distributed across the surface of the material sheets during the electrode reaction process, 
indicating the presence of numerous active sites and demonstrating the superior energy-storage capability. 
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Figure 5. Electrochemical properties of AC//Ni1-xCoxP@NC hybrid supercapacitor. (A) Schematic illustration of AC//Ni1-xCoxP@NC; 
(B) CV curves of Ni1-xCoxP@NC and AC electrodes in a three-electrode system; (C) CV curves of AC//Ni1-xCoxP@NC in different 
potential windows at 10 mV s-1; (D) CV curves and (E) GCD curves; (F) Rate capability; (G) Ragone plots of AC//Ni1-xCoxP@NC with 
reported Ni-Co bimetallic phosphides-based HSC; (H) Cycle performance at 15 A g-1 [inset (left to right): is the external dimensions of 
AC//Ni1-xCoxP@NC HSC pouch; AC//Ni1-xCoxP@NC HSC pouch keep stable power output under 0°-180° bending and cutting states]. 
AC: Active carbon; Ni1-xCoxP@NC: N-doped carbon (NC)-coated Ni1-xCoxP; CV: cyclic voltammetry; GCD: galvanostatic 
charge/discharge; HSC: hybrid supercapacitor.

Furthermore, the temperature of the Ni1-xCoxP@NC material remained relatively stable throughout the 
electrochemical reaction, effectively mitigating the high resistance effects typically associated with localized 
overheating [Figure 4E (iii)]. Finally, a uniform stress distribution was experienced by the Ni1-xCoxP@NC 
material sheets, indicating that the deformation induced by volume expansion is restricted [Figure 4E (iv)]. 
The open nanosheet structure can provide good mechanical properties and support each other to reduce the 
expansion strain caused by the localized stress concentration. The simulation results indicate that the 
Ni1-xCoxP@NC material exhibits strong electrochemical activity and structural stability, which is consistent 
with the aforementioned results of the electrochemical and DFT calculations analyses.

To explore the practical application potential of Ni1-xCoxP@NC, a pouch-type HSC device was fabricated 
employing Ni1-xCoxP@NC and AC as the positive and negative electrodes, respectively [Figure 5A]. The 
charge balance between the positive and negative electrodes in the AC is regulated by adjusting the mass 
ratio of the constituent materials. The corresponding CV curves are displayed in Figure 5B. As shown in 
Figure 5C, when the voltage window is 0-1.6 V, considerable oxygen evolution is observed in the anode 
region of the CV curve. Therefore, the operating voltage of 0-1.5 V was used for the electrochemical analysis 
of the AC//Ni1-xCoxP@NC HSC. The CV profiles of the AC//Ni1-xCoxP@NC HSC exhibited pronounced 
redox peaks [Figure 5D], indicating the battery-type mechanism of the device. Despite the increase in the 
scan rate to 100 mV s-1, the shapes persevered without deterioration, suggesting robust OH-/electron 
diffusion capabilities inherent to the HSC. The GCD curve of the AC//Ni1-xCoxP@NC HSC shows 
symmetric shapes, revealing a high Coulombic efficiency [Figure 5E], and the specific capacitances are 121, 
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112, 98, 85, and 78 F g-1 at 1, 2, 5, 10, and 15 A g-1, respectively, suggesting that the AC//Ni1-xCoxP@NC 
possesses a superior OH- storage ability [Figure 5F]. The AC//Ni1-xCoxP@NC HSC shows relatively low 
resistance [Supplementary Figure 17]. The Ragone plot obtained based on the GCD test results reflects the 
relationship between the power and energy densities of the HSC [Figure 5G]. The assembled 
AC//Ni1-xCoxP@NC HSC demonstrates a high energy density of 37.7 Wh kg-1 at a power density of 
750 W kg-1, maintaining 24.3 Wh k g-1 even at 11,250 W kg-1, which is better than that of the previously 
reported Ni-Co bimetallic phosphides-based devices [Figure 5G and Supplementary Table 4][23,50,52,53,58-60]. 
These results reveal the excellent energy storage performance of the AC//Ni1-xCoxP@NC HSC. Furthermore, 
the HSC exhibits long-term high-rate cycle stability, maintaining over 64.1% of its capacitance after 
7,000 cycles even at a high current density of 15 A g-1. The prepared HSC device can easily power a digital 
clock in the 0o-180o folded states and maintain a stable power output after folding [Figure 5H], clearly 
evidencing the application potential of the Ni1-xCoxP@NC composite as a battery-type electrode for HSCs.

CONCLUSIONS
In summary, this study presents a strategy based on the MOF-derived method for constructing 
Ni1-xCoxP@NC with Pv as a supercapacitor material for advanced OH- storage. The energy storage 
mechanism of Ni1-xCoxP@NC was revealed in detail by DFT calculation and physical simulation, and the 
effect of synergistic interaction between Ni-Co bimetal and Pv on electrochemical properties of TMPs was 
systematically studied. The exceptional energy storage performance of Ni1-xCoxP@NC is attributed to the 
open architecture, NC framework, abundant Pv, and the synergistic effects of the bimetallic phosphides. Per 
experimental, the combination of bimetallic phosphides and Pv induces a BIEF on the Ni1-xCoxP surface, 
significantly reducing the adsorption energy barrier for OH-. Additionally, Pv and NC synergistically 
modulate the electronic distribution and improve conductivity. Furthermore, the open structure of the 
Ni1-xCoxP sheets and the NC coating layer buffer the volumetric expansion during the repeated charge/
discharge process. The Ni1-xCoxP@NC electrode delivers a high capacitance of 2,108 F g-1 and excellent rate 
capability (1,710 F g-1 at 10 A g-1). The Ni1-xCoxP@NC can serve as a cathode material for high energy and 
power density HSC. It is expected to further enhance the performance of HSC and meet the needs of a 
wider range of applications. This study emphasizes the impact of structural design and surface defect 
engineering on boosting the supercapacitive performance of TMP materials. We believe that this work not 
only presents a novel methodology for designing TMP structures and compositions, but also serves as a 
source of guidance and inspiration for future endeavors in the realm of energy storage and conversion.
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