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ECSA measurements.
The electrochemically active surface area ECSA can be calculated by the following
formula:

Ca

ECSA=Cs
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Among them Cy is the electric double layer capacitance, the unit is mF. And Cs is the
constant that converts the capacitance to ECSA, the value is 0.04 mF cm. Depending
on the electrode material, the specific capacitance of the flat surface is in the range of
20-60 pFcm™2. Here, it is assumed that the calculated value of ECSA is an
intermediate value of 40 uF cm™.

Construction and optimization of Fe,P/CoP and Ru-Fe,P/Ru-FeCoP models.
Fe,P/CoP heterojunction modeling uses the CoP (202) crystal plane and Fe,P (110)
crystal plane. CoP and Fe,P are three layers, in which CoP is a 1*2 expansion cell and
Fe,P is a 1*2 expansion cell. The Ru-Fe,P/Ru-FeCoP heterojunction ensures that the
lattice constants in a direction are consistent, and two Ru atoms are doped at the
interface of the heterojunction. At the same time, to avoid the interaction of periodic
structures, the vacuum layer is set to 15 A.

Details of DFT calculation.

All the DFT calculations were conducted based on the Vienna Ab-inito Simulation
Package (VASP) 3152, The exchange-correlation effects were described by the
Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA) method [33-54, The core-valence interactions were accounted by
the projected augmented wave (PAW) method [331. The energy cutoff for plane wave
expansions was set to 400 eV, and the 2x2x1 Monkhorst-Pack grid k-points were
selected to sample the Brillouin zone integration. The structural optimization was
completed for energy and force convergence set at 1.0x10°5 eV and 0.02 eV A-l,
respectively. Grimme’s DFT-D3 methodology [5¢1 was used to describe the dispersion
interactions.

The Gibbs free energy changes (AG) of the reaction are calculated using the following

formula:

AG = AE+AZPE —TAS + AG,, + AG,,

where AE is the electronic energy difference directly obtained from DFT calculations,

AZPE is the zero-point energy difference, 7 is the room temperature (298.15 K) and



AS 1is the entropy change. AGy = —eU, where U is the applied electrode potential.
AGpu=kgT x In 10 x pH, where kg is the Boltzmann constant, and pH value is set to 0.
Faraday efficiency calculation (HER and OER):
H,O0—H,+1/2 O,
Q=I*t (1)
Q: electric quantity (C)
I: current (A)
t: time (s)
Q=n*Ny*e*Z (2)
Q: electric quantity (C)
n: amount of substance (mol)
No: The Avogadro constant is equal to the number of atoms of 1 mol substance., Its
value is about 6.022*10% (mol!)
e: The charge of a single electron, 1.602x10-° (C)
Z: The number of electron transfer of reaction
The charge carried by each mole of electrons is 1, and the Faraday constant F is about
96485 Coulomb (C/mol) . thatis :
F=1*Ny*e (3)

Therefore, substituting into Equation (2), the electric quantity Q can be expressed as :
Q =n*F*Z (4) For the electrolysis of 1 mol of water to produce 1 mol of hydrogen
and 0.5 mol of oxygen :

(Anode) QA=n,*Z,*F=0.5 mol*4*F=2%96485 C=192970 C
(Cathode)Qc=nc*Zc*F=1 mol*2*F=2%96485 C=192970 C
Back to (1), 1 Coulomb represents the amount of charge passed by a current of 1
ampere in 1 second :1C=1A*1s
Since 192970 C=53.6 A-h
FE=n.,/n*100%=Qcx/Qu*100%

Therefore, by substituting the above formula: FELer=99.8 % FEqEr=99.4 %



Activation energy calculation (HER and OER): The process of obtaining the
activation energy value (Ea) is as follows: Firstly, the LSV curves of HER and OER
at 25 °C (298K), 35 °C (308K), 45 °C (318K), 55 °C (328K) were measured
respectively (Fig. S17 and S19). Then, the extension lines of Tafel slopes at different
temperatures are taken. When n=0, the abscissa is Logj, (Logj, is negative) (Fig. S18
and S20). With Logj, as the ordinate and 1000/T (K-!) as the abscissa, Arrhenius
linear curves of FeCoP/FF-Q, Ru-FeCoP/FF and Ru-FeCoP/FF-C are obtained (Fig.
4c-d). The activation energy values (Ea) of FeCoP/FF-Q, Ru-FeCoP/FF and Ru-
FeCoP/FF-C were obtained by the activation energy formula Ea=2.3*R*[d(logj,)/d(T-
oIt

HER:

Ru-FeCoP/FF: Ea;=2.3*R* [d(logjo)/d(T-!)] =2.3*8.32*1.71=32.7 KJ mol"!
FeCoP/FF-Q: Ea,=2.3*R* [d(logj,)/d(T-)] =2.3*8.32*2.77=53.1 KJ mol-1
Ru-FeCoP/FF-C: Ea;=2.3*R* [d(logj,)/d(T-")] =2.3*8.32*2.1=40.2 KJ mol!

OER:

Ru-FeCoP/FF: Ea;=2.3*R* [d(logjo)/d(T-!)] =2.3*8.32*1.87=35.8 KJ mol"!
FeCoP/FF-Q: Ea,=2.3*R* [d(logj,)/d(T-!)] =2.3*8.32*3.7=70.8 KJ mol-1
Ru-FeCoP/FF-C: Ea;=2.3*R* [d(logj,)/d(T-")] =2.3*8.32*2.25=43.1 KJ mol!



Supplementary Figures and Tables

100 nm

Fig. S1 SEM images of CoFe,O4/FF.
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Fig. S2 XRD patterns CoFe,O4/FF electrode
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Fig. S3 (a-b) SEM images of FeCoP/FF-Q. (c) TEM image of powders on the surface
of FeCoP/FF-Q electrode. (d) HRTEM images of powders on the surface of
FeCoP/FF-Q electrode




Fig. S4 (a-b) SEM images of FeCoP/FF-C and (c) digital image of Ru-FeCoP/FF
catalyst.
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Fig. S5 EDS spectrum of Ru-FeCoP/FF
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Fig. S6 (a-b) SEM images of Ru-FeCoP/FF-C. (c¢) TEM image of surface powder on
Ru-FeCoP/FF-C electrode. (d) HRTEM images of surface powder on Ru-FeCoP/FF-C
electrode.



Intensity

-20% 9 215 010 005 0M 005 010 015 020
Strain
- —————— - - -

Fig. S7 (a- b) GPA (Geometrlc phase analysis) test of Ru-FeCoP/FF and Ru-
FeCoP/FF-C electrode
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Fig. S8 (a-b) High-resolution spectra of (c) Co 2p (d) Fe 2p (e) P 2p (f) Ru 3p of Ru-
FeCoP/FF and Ru-FeCoP/FF-C electrode
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Fig. S9 Nyquist plots of Ru-FeCoP/FF, Ru-FeCoP/FF-C, FeCoP/FF-Q for HER and
OER.
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Fig. S10 CVs curves at different scan rates from 40 to 200 mV s-! of HER in 1.0M
KOH. (a) Ru-FeCoP/FF. (b) Ru-FeCoP/FF-C. (¢) FeCoP/FF-Q



Fig. S11 SEM images of Ru-FeCoP/FF after HER
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Fig. S12 High-resolution spectra of (¢) Co 2p (d) Fe 2p (e) P 3p (f) Ru 3p of Ru-
FeCoP/FF electrode after HER
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Fig. S13 CVs curves at different scan rates from 40 to 200 mV s-1 of OER in 1.0M
KOH. (a) Ru-FeCoP/FF. (b) Ru-FeCoP/FF-C. (¢) FeCoP/FF-Q



Fig. S14 (a-b) SEM images of Ru-FeCoP/FF after OER



=

Felp Fe2py, Fe 2p,,

Intensity (a.u.)
Intensity (a.u.)

Ru-FeCoP/FF-OER Ru-FeCoP/FF-OER

810 805 800 795 790 785 780 775 740 730 720 710

C Binding energy (eV) Binding energy (eV)
P2p d [Ru3p Ru2p,, Ru 2p,.,

Intensity (a.u.)
Intensity (a.u.)

Ru-FeCoP/FF-OER Ru-FeCoP/FF-OER
140 158 15;6 154 152 150 1&3 490 485 480 475 470 465 460 455 450
Binding energy (eV) Binding energy (eV)

Fig. S15 High-resolution spectra of (¢) Co 2p (d) Fe 2p (e) P 3p (f) Ru 3p of Ru-
FeCoP/FF electrode after OER
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Fig. S16 (a-c) Cyclic Voltammograms of Ru-FeCoP/FF, Ru-FeCoP/FF-C, FeCoP/FF-
Q in 1.0 M PBS at scanning rate of 100 mV s-! for HER (b-d) Calculated turnover

frequencies (TOFs) at various voltages for HER of Ru-FeCoP/FF, Ru-FeCoP/FF-C,
FeCoP/FF-Q



=
)

a o b c
& 00, g g
- - -
g S &
- P -
-‘g -0 £ 500 g -s00
g £ <
g -0 5 :
& g £
500 #] Q
-1000 T T -1000
-0.2 -01 0.0 0.3 0.2 -0l 0.0 -03 02 -0.1 0.0
Potential (V vs. RHE) Potential (V vs. RHE)

Potential (V vs. RHE)

Fig. S17 LSV curves of the (a) Ru-FeCoP/FF; (b) FeCoP/FF-Q; (c) Ru-FeCoP/FF-C
catalysts at 298~328 K for HER
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Fig. S18 exchange current density curves of the the (a) Ru-FeCoP/FF; (b) FeCoP/FF-
Q; (c) Ru-FeCoP/FF-C catalysts at 298~328 K for HER
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Fig. S19 LSV curves of the (a) Ru-FeCoP/FF; (b) FeCoP/FF-Q); (c) Ru-FeCoP/FF-C
catalysts at 298~328 K for OER
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Fig. S21 (a-b)SEM images of Ru-FeCoP/FF-20
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Fig. S22 XRD patterns of Ru-FeCoP/FF-20 electrode



Fig. S23 (a-b) SEM images of Ru-FeCoP/FF-25
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Fig. S24 XRD patterns of Ru-FeCoP/FF-25 electrode



Fig. S25 (a-b) SEM images of Ru-FeCoP/FF-35



Interisity (a.u.)

& CoP
e Fe,P

+Fe

Ru-FeCoP/FF-35

40

CoP PDF#29-0497
Fe,P PDF#76-0089

y |.|.l wlil

60 80
20 (degree)

Fig. S26 XRD patterns of Ru-FeCoP/FF-35 electrode




Fig. S27 (a-b) SEM images of Ru-FeCoP/FF-40
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Fig. S28 XRD patterns of Ru-FeCoP/FF-40 electrode
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Fig. S29 HER and OER performance in 1.0 M KOH. (a-b) Polarization curves of Ru-
FeCoP/FF, Ru-FeCoP/FF-35, Ru-FeCoP/FF-25, Ru-FeCoP/FF-20, Ru-FeCoP/FF-40
and Pt/C-FF(Ru-FeCoP/FF, Ru-FeCoP/FF-35, Ru-FeCoP/FF-25, Ru-FeCoP/FF-
20,Ru-FeCoP/FF-40 and RuO,-FF) with iR-compensation, (c-d) Corresponding Tafel
plots of Ru-FeCoP/FF(Ru-FeCoP/FF), Ru-FeCoP/FF-35(Ru-FeCoP/FF-35) Ru-
FeCoP/FF-25(Ru-FeCoP/FF-25), Ru-FeCoP/FF-20(Ru-FeCoP/FF-20 ) , Ru-
FeCoP/FF-40(Ru-FeCoP/FF-40 ) and Pt/C-FF(RuO,-FF) (e-f) C4 measurements of
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FeCoP/FF-40) for HER and OER
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KOH. (a) Ru-FeCoP/FF-20. (b) Ru-FeCoP/FF-25. (c) Ru-FeCoP/FF-35. (d) Ru-
FeCoP/FF-40



1000

"= 800
]
E.r 600
£
wn
g
= 4004
=
&
= 200
o)
1.2 1.4 1.6 1.8 2.0
Cell voltage (V)

Fig S33 Overall water splitting tests in 1.0 M KOH. LSV of Ru-FeCoP/FF|Ru-
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Table S1 ICP content table of surface powder on electrode Ru-FeCoP/FF, Ru-
FeCoP/FF-20, 25, 35, 40 and Ru-FeCoP/FF-C electrode

ICP Content Ru (wt %)

ICP Content Ru (wt %)
Ru-FeCoP/FF 1.82
Ru-FeCoP/FF-20 1.04
Ru-FeCoP/FF-25 1.54
Ru-FeCoP/FF-35 2.56
Ru-FeCoP/FF-40 3.17

Ru-FeCoP/FF-C 0.51




Table S2. The fitted R, value of Ru-FeCoP/FF, Ru-FeCoP/FF-C and FeCoP/FF-Q

catalyst for HER and OER.
Electrocatalysts R for HER (Q) R, for OER (Q)
Ru-FeCoP/FF 0.74 0.69
Ru-FeCoP/FF-C 1.44 1.52

FeCoP/FF-Q 2.17 2.33




Table S3. The fitted R, value of Ru-FeCoP/FF catalyst and other comparative

samples for HER and OER.
Electrocatalysts R for HER (Q) R, for OER (Q)
Ru-FeCoP/FF 0.74 0.69
Ru-FeCoP/FF-35 1.18 1.07
Ru-FeCoP/FF-25 1.36 1.29
Ru-FeCoP/FF-20 2.08 1.89

Ru-FeCoP/FF-40 4.68 2.11




Table S4. ECSA table of Ru-FeCoP/FF, Ru-FeCoP/FF-C, FeCoP/FF-Q for HER

Electrocatalysts Cq (mF cm™) CpL (mF) ECSA (cm?)
Ru-FeCoP/FF 82.09 328.36 8209
Ru-FeCoP/FF-C 47.68 190.72 4768

FeCoP/FF-Q 23.6 94.4 2360




Table S5. ECSA table of Ru-FeCoP/FF, Ru-FeCoP/FF-C, FeCoP/FF-Q for OER

Electrocatalysts Cq (mF cm™2) Cpr (mF) ECSA (cm?)
Ru-FeCoP/FF 17.09 68.36 1709
Ru-FeCoP/FF-C 7.75 31 775

FeCoP/FF-Q 2.05 8.2 205




Table S6. The overpotential required for a noble metal-based electrocatalyst in an
alkaline environment at 100 mA cm has recently been reported for overall water
splitting.

Electrocatalysts j (mA cm?) n (V) References

Ru-FeCoP/FF 100 1.54 This Work
Nij,Ps—Fe,P-NbP 100 1.65 S7
CoNi/CoFe,04/NF 100 1.75 S8
Ru-MoS;,-Mo,C/TiN 100 1.7 S9
Mo0O,-MoNiy 100 1.61 S10
H-NMO/CMO/CF-450 100 1.71 S11
CoNi/CoFe,0O4/NF 100 1.75 S12
Ru, Ni-CoP 100 1.60 S13
HP-Ru/C 100 1.61 S14
Ru-CMOP 100 1.697 S15
Ru/Co—N-C-800°C 100 1.7 S16
Ni;S,-NiFe LDHs/NF 100 1.71 S17
S-FeNiOOH 100 1.81 S18
MnCoP/NF 100 1.97 S19
Ni,P-Ru,P/NF 100 2 S20

Ru-MoS;-Mo,C/TiN 100 22 S21
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