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DFT calculations

DFT calculations were performed in the Vienna ab initio simulation package (VASP), 

using the projector augmented wave (PAW) method.The exchange-correlation potential was 

represented by the Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient 

approximation (GGA). All-electron plane-wave basis sets with an energy cutoff of 450 eV, 

and the convergence tolerances of energy and force are set to 1.0´10-5 eV/atom 3.0´10-2 eV/Å, 

respectively. The k-point sampling grid is set to 2×2×1. 15 Å vacuum layer was added to 

avoid the interaction between adjacent layers. Meanwhile, the DFT-D correction method is 

used to describe the van der Waals interaction.

The free energy change (ΔGH*) for adsorptions were determined as follows:

∆GH* = ∆E + ∆EZPE - T∆S

where ∆E is the total energy difference, ΔEZPE is the zero-point energy change, T is the 

temperature (T = 298.15 K), and ΔS is the entropy change.
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Figure S1 (a) XRD pattern, (b-c) SEM images and (d) TEM image of Co precursor.
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Figure S2 (a) XRD pattern, (b) SEM image and (c-d) TEM images of FeCo-PBA.



Figure S3 (a) XRD pattern, (b) SEM image, (c-d) TEM images and (e) High-resolution TEM 

image of FeCoP.



20 40 60 80
2 Theta (degree)

CoP PDF#89-2598

In
te

ns
ity

 (a
.u

.)

CoP

 

 

 

 

(0
11

)
(2

00
) (1
11

)

(1
12

)
(2

11
)

(0
20

)
(3

01
)

500 nm 200 nm

b c

a

Figure S4 (a) XRD pattern, (b-c) SEM images of CoP.
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Figure S5 (a-c) SEM images of Ru@FeCoP.
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Figure S6 The EPR of Ru@FeCoP, FeCoP, and CoP.
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Figure S7 EDX elemental mappings of Ru@FeCoP.



Figure S8 EDX of Ru@FeCoP catalyst. 
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Figure S9 XPS survey spectra of Ru@FeCoP and FeCoP.



Figure S10 XPS spectra of N 1s in Ru@FeCoP.
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Figure S11 Nyquist plots of Ru@FeCoP, FeCoP, CoP, FeCo-PBA and Co precursor for (a) 
HER, (b) OER.



Figure S12 Cyclic voltammetry curves at 0.521~0.621 V vs RHE for (a) Ru@FeCoP, (b) 

FeCoP, (c) CoP, and (d) Co (e) FeCo-PBA with different scan rates from 40 to 200 mV s-1. 



Figure S13 Cyclic voltammetry curves at 1.2~1.3 V vs RHE for (a) Ru@FeCoP, (b) FeCoP, 

(c) CoP, and (d) Co (e) FeCo-PBA with different scan rates from 40 to 200 mV s-1.
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Figure S14 SEM images of (a-b) FeCo-PBA-solid, (c-d) Ru@FeCoP-solid.
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Figure S15 Polarization curves for Ru@FeCoP and Ru@FeCoP-solid of (a) HER, (b) OER.
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Figure S16 Cyclic voltammetry curves for Ru@FeCoP-solid of (a) HER, (b) OER with 

different scan rates from 40 to 200 mV s-1, and Cdl measurements of (c) HER, and (d) OER of 

Ru@FeCoP and Ru@FeCoP-solid.
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Figure S17 ECSA-normalized (a) HER polarization curves, and (b) OER polarization curves 

of the Ru@FeCoP, FeCoP, CoP, Co and FeCo-PBA.
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Figure S18 Noble-metal-mass (a) HER polarization curves of Ru@FeCoP and Pt/C, and (b) 

OER polarization curves of the Ru@FeCoP and RuO2.
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Figure S19 The chronoamperometry test of (a) HER, and (b) OER for Ru@FeCoP, commercial 

Pt/C, and RuO2 in 1.0 M KOH.



Figure S20 SEM images of Ru@FeCoP (a-b) after HER, and (c-d) after OER.



Figure S21 XPS spectra of the Ru@FeCoP after HER stability test: (a) P 2p, (b) Co 2p, (c) Fe 

2p, and (d) Ru 3p spectrum.



Figure S22 XRD patterns of Ru@FeCoP after OER.



Figure S23 XPS spectra of the Ru@FeCoP after OER stability test: (a) P 2p, (b) Co 2p, (c) Fe 

2p, and (d) Ru 3p spectrum.



Table S1 ICP-AES data of Ru@FeCoP.

Elements
Mass Fraction

wt.%

Ru 3.6965

Fe 6.2719

Co 22.5099

P 30.9449



Table S2. Comparison of HER activity between Ru@FeCoP and recently reported noble metal-

based electrocatalysts in alkaline conditions.

Electrocatalysts
j

(mA cm-2)

ƞ

(mV)

Tafel slope

(mV dec-1)

Electrolyte 

solution

Ru@FeCoP 10 17.4 31.6 1.0 M KOH This work

Pt/VS2 10 77 39.46 1.0 M KOH S1

Ru-3D NCN 10 17 42 1.0 M KOH S2

3D RuCu NCs 10 18 59 1.0 M KOH S3

Ru-MnFeP/NF 10 35 36 1.0 M KOH S4

RuNiCoP/NF 10 44 45.4 1.0 M KOH S5

Ru-SAs@N-TC 10 14 58 1.0 M KOH S6

S-RuP@NPSC 10 90 90.23 1.0 M KOH S7

RhxP/NPC 10 19 36 1.0 M KOH S8

IrMo NPs 10 38 60 1.0 M KOH S9

Ru/np-MoS2 10 30 31 1.0 M KOH S10

Ru/Co3O4 NWs 10 30.96 69.75 1.0 M KOH S11



Table S3. Comparison of OER activity between Ru@FeCoP and recently reported noble metal-

based electrocatalysts in alkaline conditions. 

Electrocatalysts
j

(mA cm-2)

ƞ

(mV)

Tafel slope

(mV dec-1)

Electrolyte 

solution
Refs.

Ru@FeCoP 10 262 45.7 1.0 M KOH This work

Ru/N-BP2000-4wt% 10 285 70 1.0 M KOH S12

Au@NiCo2S4 10 299 44 1.0 M KOH S13

Ru-CoNi@NC-2 10 268 75 1.0 M KOH S14

2D PdIr PNSs 10 285 76.1 1.0 M KOH S15

Ru-RuPx-CoxP 10 291 85.4 1.0 M KOH S16

RuO2/Co3O4 NBs 10 302 75.77 1.0 M KOH S17

RuO2/Co3O4 10 305 69 1.0 M KOH S18

Co-PB/Pt 10 300 68 1.0 M KOH S19

0.6 Ni-Fe-Pt 10 333 65 1.0 M KOH S20

Pt-LiCoO2 10 440 82 1.0 M KOH S21



Table S4. Comparison of electrochemical surface area (ECSA) of Ru@FeCoP catalyst and 

other comparative samples for HER.

Electrocatalysts
Cdl

(mF cm-2)

CDL

(mF)

ECSA

(cm-2)

Ru@FeCoP 23.39 23.39 584.75

FeCoP 17.78 17.78 444.5

CoP 14.18 14.18 354.5

Co 10.79 10.79 269.75

FeCo-PBA 5.34 5.34 133.5

CDL = Cdl * S; S=1*1 cm2; ECSA = CDL/Cs; Cs = 0.04 mF cm‒2



Table S5. Comparison of electrochemical surface area (ECSA) of Ru@FeCoP catalyst and 

other comparative samples for OER.

Electrocatalysts
Cdl

(mF cm-2)

CDL

(mF)

ECSA

(cm-2)

Ru@FeCoP 31.7 31.7 792.5

FeCoP 26.8 26.8 670

CoP 23.1 23.1 577.5

Co 15.5 15.5 387.5

FeCo-PBA 7.06 7.06 176.5

CDL = Cdl * S; S=1*1 cm2; ECSA = CDL/Cs; Cs = 0.04 mF cm‒2



Table S6. Comparison of overall water splitting activity between Ru@FeCoP‖ Ru@FeCoP 

and recently reported noble metal-based electrocatalysts in alkaline conditions. 

Electrocatalysts
j

(mA cm-2)

Voltage

(mV)

Electrolyte 

solution
Refs.

Ru@FeCoP 10 1.508 1.0 M KOH This work

O-CoP 10 1.60 1.0 M KOH S22

S-CoOx 10 1.63 1.0 M KOH S23

Cu0.075Co0.925P/CP/ 10 1.55 1.0 M KOH S24

NiFeLDH@NiCoP 10 1.57 1.0 M KOH S25

Co-NC/CF 10 1.65 1.0 M KOH S26

Ceria/Ni-TMO 10 1.58 1.0 M KOH S27

V-CoP@a-CeO2 10 1.56 1.0 M KOH S28

Fe-Doped Ni-Co-P 10 1.61 1.0 M KOH S29

NiFeP/SG 10 1.54 1.0 M KOH S30

CoFe@NiFe/NF 10 1.59 1.0 M KOH S31
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