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Materials characterization 

The ultraviolet absorption spectrum of the specimens were measured by a liquid 

ultraviolet-visible spectrophotometer (UV-3600, Shimadzu Corporation). Their 

infrared spectrum was measured by TENSOR Model 27 Fourier Transform Infrared 

Spectrometer (FI-IR), while the Raman spectrum test was carried out with a Raman 

microscope (Raman, iHR550, HORIBA Scientific Instruments Division), using a 532 

nm solid-state laser as the laser source, and the test range at 200-2000 cm-1. The 

thermogravimetric-differential scanning calorimetry analysis of the sample was carried 

out on a synchronous thermal analyzer (TG-DSC, STA 449 F1 Jupiter, manufactured 

by Netzsch Instruments, Germany), the temperature range was taken from room 

temperature to 900 oC, the heating rate at 10 oC/min; The crystal phase of the samples 

was characterized by X-ray diffraction (XRD, Bruker D8, Bruker Technology Co., 

Ltd.) with a power of 40 kV/40 mA. The scanning range was set at 10-60o; The BET 

results were recorded on Quantachrome Autosorb-iQ-C.The morphology and size of 

the synthetate was visualized using a transmission electron microscope (TEM, FEI 

Tecnai 20, FEI company in the United States) and a high resolution transmission 

electron microscope (HRTEM, Jeol jem2100f, Japan Electronics (JEOL) company). 

The crystal structure and element morphology of the specimens were characterized by 

X-ray photoelectron spectroscopy (XPS, ESCALAB 250XI, Thermo Fisher Scientific, 

Germany). All spectra used the binding energy of C 1s peak at 284.6 eV Calibration.



Electrochemical measurements

A three-electrode cell was operated for electrochemical analysis for all the 

aforementioned catalysts. A graphite rod was used as a counter electrode, Hg/HgO and 

Hg/Hg2SO4 electrode were used as reference electrodes for ORR and HER test 

respectively. To prepare the catalyst ink, 10.0 mg of catalyst was dispersed into 0.25 

mL of ethanol and 0.75 mL of DI water, and then sonicated for 30 mins to obtain a 

homogeneous slurry. To prepare a working electrode, 10 L of the slurry was dropped 

on a rotating disk electrode (diameter 5 mm, RDE, Metrohm) for ORR or a polished 

glass carbon (GC) electrode for OER and both, dried slowly under ambient conditions. 

A commercial Pt/C electrode (20 wt%) was also prepared for the comparison tests. All 

catalyst loading was controlled at 0.51 mg cm-2. For ORR, the performance was first 

recorded by cyclic voltammetry (CV) in O2-saturated 0.1 mol L-1 KOH with a scan rate 

of 10 mV s-1 at room temperature. Linear scanning voltammetry (LSV) was performed 

in a potential range from 0.2 to -0.8 V with different rotation rates (400, 625, 900, 1225, 

1600 and 2025 rpm) at a scan rate of 10 mV s-1. During testing, a constant injection of 

O2 or N2 was maintained in the electrolyte. All the potentials were converted to a 

reversible hydrogen electrode (RHE), E (RHE) = E (Hg/Hg2Cl2) + 1.008 V. The HER 

performance was collected in an N2 saturated 0.5 M H2SO4 solution. E (RHE) = E 

(Hg/Hg2Cl2) + 0.240 V.



Calculation methods

All DFT calculations were recorded as implemented in the Vienna Ab Initio 

Simulation Package (VASP),[1, 2] so as to describe the interaction between the electrons 

with frozen-core approximation and ions. Furthermore, the projector augmented wave 

(PAW) method with the Perdew-Burke-Ernzerhof (PBE) was performed.[3] Until the 

forces acting on each ion reached a smaller value than 0.05 eV/Å, the stationary points 

were identified by the conjugate gradient method. The k-points meshes of 1 × 1 ×1 were 

collected for the Brillouim zone integration. The convergence tolerance of the energy 

was set to be 10-4 eV.

The two opposite reaction pathways of ORR (1-4) can be expressed as the following 

steps [4]:

O2 +  *  +  (H2O (l) +  e - ) → OO𝐻 * + 𝑂H ‒ (1)

OOH *  +  e -  → O *  +  𝑂H ‒ (2)

O *  +  (H2O (l) +  e - ) → O𝐻 * +  𝑂H ‒ (3)

O𝐻 * +  e -  → 𝑂H ‒  +  * (4)

Here * represents an active site on the catalysts surface, whereas, OH*, O*, OOH* 

represent catalytic intermediates. The free energies were collected using Eq. (9).[5] In 

the following, T (298.15 K) represents temperature, ∆ZPE the change of zero-point 

energy, and ∆S the difference in entropy. , where U is the potential of the ∆GU =  - neU

electrode and n is the number of electrons transferred. , where ∆GpH =  KBT ×  ln 10 ×  pH



KB is the Boltzmann constant, the pH value for ORR was defined to be 14, for OER 

was 14, for HER was 0.

∆G =  ∆E +  ∆ZPE -  T∆S +  ∆GU +  ∆GPH (5)

For HER, the Gibbs free energy of H adsorption was obtained by Eq. (10)

∆GH =  ∆EH +  ∆EZPE -  T∆SH (6)

Where ∆EZPE is the zero-point energy and ∆SH is the entropy. ∆EZPE - T∆SH is 0.28 

eV in standard condition at T = 300 K.

Therefore, the ∆GH was calculated by Eq. (11) 

∆GH =  ∆EH +  0.28 eV (7)



Table S1 BET results of NCP, HNCP and N-CoP/NC.

Catalysts
specific surface area 

(m2 g-1)

pore volume 

(cm3 g-1)

NCP 159 0.252

HNCP 271 0.532

N-CoP/NC 427 0.627



Table S2 Quantitative XPS analysis for N-CoP/NC, HNCP and NCP.

N-CoP/NC HNCP NCP

Element Peak Position 

(eV)

Content

(%)

Position

(eV)

Content

(eV)

Position

(eV)

Content

(eV)

Cototal - 2.07 - - - -

Co 2p Co-P 779.53 17.31 - - - -

Co-POx 781.78 49.64 - - - -

Sat. 786.18 33.05

Ntotal - 4.71 - 5.93 - 4.72

Pyridinic N 398.42 12.25 398.73 13.09 398.62 13.04

Pyrrolic N - - 399.40 23.03 400.22 24.65

Co-N 399.59 24.91 - - - -

Graphitic N 401.17 61.69 401.23 61.65 401.53 35.84

N 1s

Oxidated N 403.70 1.15 404.04 2.23 402.86 26.46

Ptotal - 7.75 - 6.87 - 8.82

2P3/2 129.83 10.21 - - - -

2P1/2 130.56 5.25 - - - -
P 2p

POx 133.6 84.54 133.45 100.00 134.35 100.00

Ototal 12.16 19.28 36.37

-O- 530.56 27.53 530.55 32.67 530.66 20.85

-OH/O2 531.54 21.09 531.52 34.67 531.81 43.16
O 1s

H2O 532.74 51.38 532.58 32.66 533.00 35.98
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Table S3 Comparison of ORR performance of some recently reported TMPs and doped 

CoP electrocatalysts in 0.1 M KOH.

Catalyst
Eonset

(V vs. RHE)

E1/2

(V vs. RHE)

jlimit 

(mA/cm2)
Ref.

Our work 0.908 0.824 6.280 This work

CoP/NC-800 0.90 0.78 4.60 [6]

Co2P/CoN‐in‐NCNTs 0.96 0.85 5.01 [7]

Co2P@NPC-1 - 0.83 5.12 [8]

CoP-PBSCF - 0.75 ~4.60 [9]

CoP - 0.62 - [9]

Bi-CoP/NP-DG - 0.81 - [10]

CoNP@NC/NG 0.90 0.83 4.55 [11]

CoP@SNC 0.87 0.79 ~4.85 [12]

Co2P@CoNPG-800 0.90 0.81 - [13]

Fe/Co-NpGr 0.93 N.A. ~4.25 [14]

Co/CoP-HNC - 0.83 ~4.95 [15]

CoP/Ni2P@NC/NF - 0.79 4.95 [16]

CoP/CN/Ni - 0.80 [17]

FeCo/Co2P@NPCF 0.825 0.78 [18]



Table S4 Comparison of HER performance of some other TMPs and doped CoP 

electrocatalysts in 0.5 M H2SO4.

Catalyst
η10 

(mV)

Tafel slope

(mV dec-1)
Ref.

Our work 150 77 This work

CoP/HNCNP@2DCoP 173 108.7 [19]

CoP/HNCNP 189.5 168.5 [19]

amorphous CoP/NF 143 - [20]

HNDCM-Co/CoP 216 - [21]

Co2P NR/Ti 134 - [22]

CoP NBA/Ti 203 [23]

Ni0.62Co0.38P 166 72 [24]

CoP@NC 170 62 [25]

Co5Mo1.0P NSs@NF 174 190 [26]

CoP/RGO 157 70.2 [27]

CoP/Co2P/Co 169 65 [28]

CoP microspheres 226 76 [29]

CoP/CNTs 198 68 [30]
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