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Material characterizations

Powder X-ray diffraction (XRD) patterns were collected using a Shimadzu XRD-

6000 with CuKα radiation (40 kV, 30 mA). Raman spectra were recorded on a Raman 

spectrometer (Renishaw, Inc.) using a 532 nm laser source. The structures of the 

samples were determined by transmission electron microscopy (TEM) images 

collected on a HITACHI H-8100 electron microscopy (Hitachi, Tokyo, Japan) 

operated at 200 kV. The composition of the samples was characterized by energy-

dispersive X-ray spectroscopy (EDX) attached to the STEM. The valence state of 

manganese was determined using XPS recorded on a Thermo ESCALAB 250Xi. The 

X-ray source selected was monochromatized Al Kα source (15 kV, 10.8 mA). Region 

scans were collected using a 20 eV pass energy. Peak positions were calibrated 

relative to C 1s peak position at 284.6 eV.

Electrochemical activity characterizations

All electrochemical measurements were performed in a three-electrode system 

with a glassy carbon electrode (GCE) as the substrate for the working electrode, a 

graphite rod as the counter electrode and a saturated calomel electrode as the 

reference electrode. The reference electrode was calibrated with respect to a reversible 

hydrogen electrode before each experiment. The glassy carbon electrode was pre-

polished using 0.05 μm alumina and distilled water. To prepare the working electrode, 

2 mg of the catalyst was dispersed in a 0.5 mL mixed solvent of ethanol and Nafion 

(0.25 wt%) and sonicated to obtain a homogeneous ink. A certain amount of the 
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catalyst ink was drop-casted on the glassy carbon electrode and dried at room 

temperature.

For OER, the working electrode was first activated by steady-state cyclic 

voltammetry (CV) performed in the potential range from 1.0 to 1.6 V vs RHE at a 

scan rate of 50 mV s-1 for 50 cycles. Linear scan voltammetry (LSV) curves were then 

collected at a scan rate of 5 mV s−1. All of the potentials in the LSV polarization 

curves were with 90% iR compensation unless specifically illustrated.

Calibration of SCE and conversion to RHE

The reference electrode SCE was calibrated according to the method reported 

previously.1-3 Calibrations were carried out by using a reversible hydrogen electrode 

(RHE). First, two Pt electrodes were cleaned by cycling in 1 M H2SO4 between -2 and 

2 V for 2 hours. Then, they were used as working electrode and counter electrode, 

respectively. Before the calibration, the electrolytes 0.1 M KOH and 0.5 M H2SO4 

should be saturated with H2 by continuous bubbling H2. During the calibration, 

hydrogen was bubbled over the working electrode. A series of controlled-potential 

chronoamperometric curves were measured for 300 s to get the current interconvert 

between the hydrogen oxidation and hydrogen evolution reaction. The resulting 

potential is the potential of zero net current. In this work, the potential of zero net 

current was found at -1.038 V versus the SCE electrode in 1.0 M KOH, and -0.253 V 

versus the SCE electrode in 0.5 M H2SO4. Thus, the potentials, measured against SCE, 

were converted into the potentials versus RHE by using the equations 1-2:
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In 1.0 M KOH: Evs.RHE = Evs.SCE +1.038 V (1)

In 0.5 M H2SO4: Evs.RHE = Evs.SCE + 0.253 V (2)
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Electrochemically active surface area (ECSA)

To determine the effective electrochemical active surface area (ECSA) of 

samples, a series of cyclic voltammetry (CV) curves were tested at various scan rates 

(10, 20, 40, 60, 80 and 100 mV/s) in the potential window between 0.253 and 0.353 V 

vs. RHE. The sweep segments of the measurements were set to 10 to ensure 

consistency. The geometric double layer capacitance (Cdl) was calculated by plotting 

the difference of current density ΔJ = (Janodic − Jcathodic)/2 at 0.303 V vs. RHE against 

the scan rate, and the slope of the linear trend was Cdl. Finally, the ECSA of catalyst 

on GCE is estimated according to the equation 3:

(3)
𝐸𝐶𝑆𝐴=

𝐶𝑑𝑙
𝐶𝑠

where Cs is the specific capacitance of a flat standard electrode with 1 cm2 of real 

surface area, which is generally in the range of 20 to 60 μF cm-2.4, 5 In this work, the 

averaged value of 40 μF cm-2 was adopted for the flat electrode.
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Figure S1. XRD patterns of FeCoNi@NC and referred samples.
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Figure S2. The current as a function of the applied potentials for the calibration of 

SCE reference electrode in 1.0 M KOH (a) and 0.5 M H2SO4 (b).
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Figure S3. Tafel plots for FeP@NC, CoP@NC, NiP@NC, FeCoP@NC, FeNiP@NC, 

CoNiP@NC, and FeCoNiP@NC in 0.5 M H2SO4.
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Figure S4. Tafel plots for FeP@NC, CoP@NC, NiP@NC, FeCoP@NC, FeNiP@NC, 

CoNiP@NC, and FeCoNiP@NC in 1.0 M KOH.
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Figure S5. (a) Nyquist plots of the EIS test for the FeP@NC, CoP@NC, NiP@NC, 

FeCoP@NC, FeNiP@NC, CoNiP@NC, and FeCoNiP@NC. (b) Nyquist plots of the 

EIS test for the FeCoNi@NC and FeCoNiP@NC. The solid lines are the fits to the 

data using the simplified Randles circuit shown in the inset.
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Figure S6. (a) CVs of FeCoNiP@NC measured in a non-Faradaic region (from 0 to 

0.1 V vs. SCE) at scan rate of 10 mV s-1, 20 mV s-1, 40 mV s-1, 60 mV s-1, 80 mV s-1, 

and 100 mV s-1. (b) Capacitive j vs scan rate for FeCoNiP@NC anode. The linear 

slope is equivalent to twice of the double-layer capacitance Cdl. (c) Capacitive j vs 

scan rate for FeP@NC, CoP@NC, NiP@NC, FeCoP@NC, FeNiP@NC, CoNiP@NC, 

and FeCoNiP@NC.
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Figure S7. Effect of initial graphene oxide content on the HER performance of 

FeCoNiP@NC in 0.5 M H2SO4 (a) and 1.0 M KOH (b).
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Figure S8. Plots of current density vs time for the FeP@NC, CoP@NC, and 

FeCoP@NC in 0.5 M H2SO4.
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Figure S9. The high-resolution Fe2p, Co2p, Ni2p, and P2p XPS spectra of the used 

FeCoNiP@NC catalyst after HER stability test.
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Figure S10. Tafel plots for FeP@NC, CoP@NC, FeCoP@NC, FeNiP@NC, 

CoNiP@NC, and FeCoNiP@NC in 1.0 M KOH.
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Figure S11. LSV curves of FeCoNiP@NC before and after OER stability test in 1.0 

M KOH.
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Figure S12. (a-b) HRTEM images of FeCoNiP@NC after OER stability test.
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Figure S13. High-resolution XPS spectra of Fe 2p (a), Co 2p (b), Ni 2p (c), and P 2p 

(d) for FeCoNiP@NC after OER stability test.
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Table S1. Comparison of HER performance with results in recent literature

Catalyst Electrolyte η @ 10 

mA·cm-2

(mV)

Tafel slope 

(mV·dec-1)

Ref.

FeCoNiP@NC 0.5 M H2SO4 93 51.7 This work

FeCoNiP@NC 1.0 M KOH 187 52.2 This work

Porous Co2P 0.5 M H2SO4 150 53 6

CoP 0.5 M H2SO4 170 61 7

Co-NG 0.5 M H2SO4 147 82 5

Ni@Ni2P−Ru 0.5 M H2SO4 51 35 8

Pt-Ni alloy 0.1 M KOH 65 74 9

MoCx 1.0 M KOH 151 59 10

CoS2 HNSs 1.0 M KOH 193 100 11

Co-NRCNTs 0.5 M H2SO4 260 69 12

CoSe2 MP/CC 0.5 M H2SO4 193 50 13

Co@NC/NCNS-800 1.0 M KOH 219 55.8 14

Co3S4 polyhedra 0.5 M H2SO4 380 85.3 15

Co0.6Mo1.4N2 0.1 M KOH 320 80 16

CoP

CoMoP NPs

Co@NiCoP

0.1 M KOH

0.5 M H2SO4

0.5 M H2SO4

210

178

276

129

60.5

43

17

18

19
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Table S2. Comparison of OER performance with results in recent literature

Catalyst Electrolyte η @ 10 

mA·cm-2

(mV)

Tafel slope 

(mV·dec-1)

Ref.

FeCoNiP@NC 1.0 M KOH 266 35.6 This work

Ni2P 1.0 M KOH 300 64 20

Ni5P4 1.0 M KOH 330 - 21

Co2P NPs 1.0 M KOH 310 50 20

CoP/CC 1.0 M KOH 281 62 22

CoP hollow 

polyhedra

1.0 M KOH 400 57 23

CoP MNA 1.0 M KOH 310 65 24

CoP/Ti mesh 1.0 M KOH 310 87

CP@FeP 1.0 M KOH 365 63.6 25

FeNi-LDH/CoP 1.0 M KOH 255 33.5 26

Co/CoP-5 1.0 M KOH 340 79.5 27
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