
 

1 

 

Energy Materials 

Supplementary Materials 

 

MOF-derived rose-like carbon-coated Ni-Co phosphide with phosphorus 

vacancies to enhance hydroxide-ion storage in hybrid supercapacitors 

 

Honghong Cheng1, Zhibiao Cui2, Weijie Zheng2, Dong Shu2,3,*, Cong Liu4, 

Yaotao Zeng1, Jinyi Zheng1, Jiayin Cui1, Keyi Chen1, Tao Meng2,* 

 

1School of Chemistry and Materials Science, Guangdong University of Education, 

Guangzhou 510800, Guangdong, China. 

2School of Chemistry, South China Normal University, Guangzhou 510006, 

Guangdong, China. 

3National and Local Joint Engineering Research Center of MPTES in High Energy 

and Safety LIBs, South China Normal University, Guangzhou 510006, Guangdong, 

China.  

4School of Chemistry, Sun Yat-sen University, Guangzhou 510006, Guangdong, 

China. 

 

*Correspondence to: Prof. Dong Shu and Dr. Tao Meng, School of Chemistry, South 

China Normal University, No. 378, Waihuanxi Road, Guangzhou High Education 

Mage Center, Panyu District, Guangzhou, Guangzhou 510006, Guangdong, China. E-

mail: dshu@scnu.edu.cn; mengt@scnu.edu.cn 

 

 

 

 

 

 

 



 

2 

 

Energy Materials 

1. Material Characterization 

The morphologies of the samples were observed using scanning electron microscopy 

(SEM, ZEISS Ultra-55) and transmission electron microscopy (TEM, JEM-2100HR). 

The specific surface area and pore size distribution were analyzed using N2 

adsorption/desorption measurements (BET, ASAP-2020). X-ray diffraction (XRD) 

patterns were acquired with Cu Kα irradiation (λ = 1.5406 Å) at 40 kV and in the 2θ 

range of 5° ~ 90° at a scan rate of 10° min−1, using an X-ray diffractometer (PXRD, 

Rigaku Smartlab9KW). Raman spectroscopy (InVia) was recorded using laser 

excitation at 633 nm. The element content of Ni, Co, P in samples were determined by 

ICP-OES (PerkinElmer, Optima8300). Specifically, 0.5 mg of Ni1-xCoxP@NC was 

dispersed in 10 mL of concentrated hydrochloric acid and kept at 40 ℃ for 1h to 

dissolve the sample, then filter to remove the insoluble substance. Afterwards, the 

acid solution was diluted in a 50 mL flask. For each sample, the analyses were done at 

least three times to obtain an average composition value. Electron paramagnetic 

resonance (EPR) measurements for Ni1-xCoxP @NC, Ni2P@NC and CoP@NC were 

performed on a Bruker Magnettech ESR5000 with automatic frequency modulation. 

The Chemical states and elemental analysis were investigated using X-ray 

photoelectron spectroscopy (XPS) with the C 1s peak (284.8 eV) as a reference, on a 

PHI Quantum 2000 XPS system. 

 

2. Electrochemical Measurements 

All electrochemical performance tests of as-prepared electrodes were tested by a CHI 

660E electrochemical workstation (Shanghai, Chenhua). In the three-electrode 

system, 6 M KOH, Pt foil and Hg/HgO were used as the electrolyte, the counter 

electrode and the reference electrode, respectively. The working electrodes were 

constructed by mixing the active materials, acetylene black and polyvinylidene 

fluoride (PVDF) with a mass ratio of 8: 1: 1 in the NMP solvent to gain a 

homogeneous slurry, afterward the slurry was pasted on Ni foam, followed by vacuum 

drying at 80 °C for 6 h. The mass loading of active material on a working electrode 
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was 1 ~ 1.5 mg cm-2. 

 

The AC// Ni1-xCoxP @NC HSC pouch was fabricated using the Ni1-xCoxP @NC HSC 

cathode with a mass loading of 3 mg cm-2. The AC anode with a mass loading of 

approximately 15 mg cm-2. A cellulose separator was used, and the electrolyte is a 6 

M KOH solution. 

 

The electrochemical performance of supercapacitors was evaluated by cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic 

charge/discharge (GCD). The specific capacitance Cs (F g−1) was calculated by the 

GCD curves based on the following equation: 

𝐶𝑠 =
𝐼×𝛥𝑡

𝑚×𝛥𝑉
 (S1)

where m, ΔV, I, and Δt stand for the mass of active materials (g), the potential

window(V), the current(A) and the discharge time(s), respectively.

The relationship between peak current (i) and scanning rate (v) in its CV curve was

further analyzed:

𝑖 = 𝑎𝑣𝑏 (S 2)

𝑙𝑜𝑔𝑖 = 𝑏 ∗ 𝑙𝑜𝑔 𝑣 + 𝑙𝑜𝑔 𝑎  (S3)

in which a and b are variable parameters and the b-value is between 0.5 and 1. When

the b-value is 1, it is the capacitive-controlled process.

The contribution of capacitive-controlled (k1v) and diffusion-controlled (k2v
1/2) to the

current (i) has the following relationship:

𝑖 = 𝑘1𝑣 + 𝑘2𝑣
1/2 (S4)

𝑖

𝑣1/2
= 𝑘1𝑣

1/2 + 𝑘2 (S5)

Furthermore, according to the charge balance theory (Q+ = Q−), the mass ratio of the

negative electrode material (activated carbon, AC) and the positive electrode material

(Ni1-xCoxP@NC) was optimized, thereby increasing the energy density of the

asymmetric supercapacitor.

𝑄 = 𝐶𝑠 × 𝑚 × 𝛥𝑉   (S6)
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𝑚+

𝑚−
=

𝐶𝑠−

𝐶𝑠+
×

𝛥𝑉−

𝛥𝑉+
                                                      (S7)

in which m, Cs and ΔV represent the active material mass (g), specific capacitance (F

g-1), and operation voltage (V), respectively.

The energy density and power density could be obtained by the following formula:

𝐶𝑠 =
𝐼×𝛥𝑡

𝑚×𝛥𝑉
                                                         (S8)

𝐸 =
𝐶𝑠×𝛥𝑉2

2×3.6
                                                         (S9)

𝑃 =
𝐸

𝑡
× 3600  (S10)

where m, ΔV, I, Δt, E and P are the total mass of cathode and anode active material

(g), potential window (V), current (A), discharging time (s) and energy/power density

(Wh kg−1 and W kg−1), respectively.

 

3. Calculations Method

The Vienna Ab Initio Package (VASP) was used to perform all the density functional

theory (DFT) calculations within the generalized gradient approximation (GGA)

using the Perdew-Burkle-Ernzerhof (PBE) exchange correlation function was

managed without spin unrestricted. All atoms relax completely until the remaining

force on each atom was smaller than 0.03 meV Å−1, and the energy convergence

criterion is set to 10−5 eV. Furthermore, the Ni1-xCoxP, Ni2P and CoP model was

constructed by open-source program package VASPKIT, and all mismatch errors less

than 1%. The adsorption energy (Eads) could be defined as the following formula:

Eadsorption = Eadsorbate/substrate - Eadsorbate - Esubstrate.                             (S11)

The simulations were carried out using COMSOL Multiphysics with the Electric

Current, Solid Mechanics and Solid Heat Transfer module as we previously used. The

average voltages through the materials were set to be 0.5 V, representing the initial

voltage and the end of OH− storage respectively. The rose-like Pv Ni1-xCoxP @NC is

mainly composed of nanosheets with a thickness of 100 nm and a diameter of 2 μm.
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4. Figure Caption 

 

Figure S1. SEM images of (a-b) NiCo-MOF; (c-d) Ni-MOF; (e-f) Co-MOF 

composites. 

 

 

Figure S2. SEM images of (a) Ni1-xCoxP @NC; (b) CoP@NC; (c) Ni2P@NC 

composites. 
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Figure S3. TEM images of (a) Ni1-xCoxP @NC; (b-c) Ni2P@NC; (d-e) CoP@NC 

composites. 

 

Figure S4. XRD patterns of (a) Ni1-xCoxP @NC; (b) Ni2P@NC and CoP@NC 

composites. 
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Figure S5. The actual Ni, Co, P element percentage in Ni1-xCoxP @NC, Ni2P@NC 

and CoP@NC samples determined by ICP-OES analyses. 

 

 

Figure S6. Raman spectra of Ni1-xCoxP @NC, Ni2P@NC and CoP@NC composites. 
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Figure S7. N2 adsorption/desorption isotherms of and pore size distribution curves 

(inset) of Ni1-xCoxP@NC, Ni2P@NC and CoP@NC samples. 

 

Figure S8. XPS survey spectras of Ni1-xCoxP @NC, Ni2P@NC and CoP@NC 

samples. 
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Figure S9. CV curves of (a) Ni2P@NC and (b) CoP@NC at various scan rates, (c) 

CV curves of Ni1-xCoxP @NC, Ni2P@NC and CoP@NC at 10 mV s−1.    

 

 

Figure S10. Nyquist plots of Ni1-xCoxP @NC, Ni2P@NC and CoP@NC electrodes. 
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Figure S11. GCD curves of (a) Ni2P@NC and (b) CoP@NC at various current 

densities, (c) GCD curves of Ni1-xCoxP @NC, Ni2P@NC and CoP@NC at 1 A g−
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Figure S12. Rate capability of Ni1-xCoxP @NC, Ni2P@NC and CoP@NC. 
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Figure S13. The morphology Ni1-xCoxP @NC after cycling. (a) FE-SEM images, (b-

c) high-resolution TEM images (inset is enlarged view of the square), (d) selected 

area electron diffraction patterns 

 

Figure S14. Structure diagram of (i) Ni2P, (ii)CoP and (iii) Ni1-xCoxP without Pv. 
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Figure S15. Total DOS stimulation of (a) Ni2P, (b) CoP and (c) Ni1-xCoxP without Pv.  

 

 

Figure S16. Electron density difference map side view for the Pv-riched Ni1-xCoxP 

(Positive and negative values are represented in green and yellow respectively). 
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Figure S17. Nyquist plots of AC// Ni1-xCoxP @NC hybrid supercapacitor. 

 

Table S1 The internal resistance (Rs), interfacial charge transfer resistance (Rct), and 

Warburg resistance (Rw) derived from the EIS patterns 

Samples Rs Rct Rw 

Ni1-xCoxP @NC 0.36 0.35 0.85 

Ni2P@NC 0.30 0.52 1.85 

CoP@NC 0.52 0.42 1.18 

 

Table S2. Electrochemical performance of the as prepared electrodes. 

Electrode 

Specific capacity (F g-1) IR Drop 

（mV） 

Capacitance retention 

(%)  

1 A g-1 
2 A g-

1 

5 A g-

1 

10 A g-

1 

1 A g-

1 

10 A g-

1 
(1 to 10 A g-1) 

Ni1-xCoxP 

@NC 
2108 1980 1840 1710 

4 
11 81.1% 

Ni2P@NC 512 502 470 438 4 13 85.5% 

CoP@NC 502 472 405 340 6 23 67.7% 
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Table S3. Comparative three-electrode system electrochemical performance of Ni1-

xCoxP @NC with recent reported NiCo-bimetallic phosphide electrodes. 

TMPs 

Materials 

Electrolyte 

 

SC@ 1 A g-

1（F g-1） 

Cyclic 

Stability 

Rate 

capability（1-

10 A g-1） 

Ref. 

Ni1-xCoxP @NC 6 M KOH 2108 54.5% 

@6000cycles 

81.1% This 

work 

Ni1Co1-10P 6 M KOH 1986.7 95.71 %@10000 

cycles 

64.0% 1 

O–NiCoP@rGO 3 M KOH 1663.2 89.3% @5000 

cycles 

59.4% 2 

NiCoP-4–500 6 M KOH 1590 78.2% @12000 

cycles 

80.0%, 3 

Ni–Co–P 2 M KOH 1306 / 87.3% 4 

NCP/LDO-CNT 3 M KOH 1886 / 83% 5 

NiCoP/C 6 M KOH 1555 93.3%@ 10000 

cycles 

95.1% 6 

S-NiCoP-300 2 M KOH 1206 / 79.7% 7 

NiCoP/NPC 3M KOH 1270 100%@2000 

cycles 

70.7% 8 

NiCoP-2 6 M KOH 1258 81.3%@8000 

cycles 

79.5% 9 
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Table S4. Comparative of Ni1-xCoxP@NC//AC device with recent reported NiCo-

bimetallic phosphide-based asymmetric supercapacitors. 

NiCoP-based 

SC devices 

Electrolyt

e 

Energy 

density 

（Wh kg-1） 

Power Density 

（W kg-1） 

Cyclic 

Stability 

OPW(V) 

(Device) 

Ref. 

Ni1-xCoxP //AC 6 M KOH 37.7 750 61.4%@700

0cycles 

0-1.5V This 

wor

k 

O–NiCoP 

@rGO//AC 

3 M KOH 21 775 91% @5000 

cycles 

0-1.55 V 2 

Ni–Co–P//AC KOH/PVA 30.2 891 / 0-1.5 V 4 

NCP/LDO-

CNT//AC 

3 M KOH 21.3 748.5 117.4% @ 

4500 cycles 

0 - 1.5 V 5 

S-NiCoP-2-

300//AC 

2 M KOH 16.65 

43.54 

7500 

150 

90.6% @ 

8000 cycles 

0 -1.5 V 7 

NiCoP/NF//Nr

GO/NF 

3 M KOH 22.8 800 68.33% 

@4000 

cycles 

0-1.6V 10 

Ni1Co9P//AC 6 M KOH 11 100 / -0.8-

0.2V 

11 

NiCoP@C@C

NT//graphene 

3 M KOH 17.4 699 117.2% 

@4000 

cycles 

0-1.4V 12 
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