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1. Experimental section

1.1 Characterizations

Surface morphologies of as-prepared samples were characterized by field-emission
scanning electron microscopy (SEM, TESCAN MIRA4). Transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM)
images and energy-disperse X-ray spectra (EDX) elemental mapping spectra were
recorded with Talos F200x. X-ray diffraction (XRD) patterns were measured by using
SmartlabSE X-ray diffractometer. X-ray photoelectron spectra (XPS) were recorded by
Thermo Scientific K-Alpha with Al Ka radiation (hv=1486.6eV).

1.2 Electrochemical Measurements

All electrocatalytic measurements were performed with a Chenhua CHI760E
instrument in 1 M KOH media, at room temperature. In a typical three-electrode
configuration, the as-prepared samples were used directly as working electrodes with
an area of 0.5>0.5 cm?, while a Hg/HgO electrode and a graphite rod were utilized as
the reference and counter electrodes, respectively. The electrocatalytic performance
toward OER and HER of as-prepared samples were determined by using linear sweep
voltammetry (LSV) at a scan rate of 1 mV s %, 95% IR compensation. Overall water
splitting was performed in a typical two-electrode system with the as-prepared
electrodes utilized as cathode and anode simultaneously. The electrochemical
impedance spectroscopy (EIS) was employed in the frequency range of 100 kHz — 0.1
Hz at 1.53 V and -0.2 V vs. RHE for OER and HER, respectively. The stability of
catalysts was tested by using chronopotentiometry at a current density of 500 mA cm
for OER, HER and overall water splitting. Faradaic efficiency for OER and HER was
calculated by the water drainage method. Commercial Pt/C (20%,) and RuO> loaded on
NiFe foam with a loading mass of 1.6 mg cm~2 were used as benchmark electrodes for

HER and OER catalysis, respectively.

The electrochemical double-layer capacitance (Ca) was calculated as half of the

linear slope of the function by plotting the current density differences versus scan rates



(20, 40, 60, 80 and 100 mv s?) in non-Faradaic region. The ECSA was calculated
according to the following equation:
ECSA = Cq /Cs
In which Cs is the specific capacitance, commonly reported to be 40 puF cm™.13
The turnover frequency (TOF) of involved catalysts was calculated according to the
following equation:

TOF = (J xA)/(m xF xn)

In which J is the current density at the selected overpotential (250 mV for OER and
150 mV for HER), A is the surface area of the electrode (0.25 cm?), m represents the
number of mols of electrons for per mol of Oz (4) or Hz (2), F is the Faraday constant
(96485.3 C mol™?), and n is the number of active sites calculated according to the

loading weight and the molecular weight.*
1.3 DFT calculations

DFT calculations corrected by onsite Coulomb interaction were performed using the
Vienna ab initio simulation package (VASP). The exchange-correction function was
treated by the Perdew—Burke—Ernzerhof for solid (PBEsol) generalized gradient
approximation, and the wave functions were expanded in a plane wave basis with an
energy cutoff of 400 eV. The effective U—J values of 3.5, 6.2, and 3.9 eV were
introduced to account for the strong onsite Coulomb repulsion of Fe, Ni, and Mn atoms,
respectively. The Brillouin zone was sampled by a gamma centered method. For all the
calculations, the convergence criteria for the electronic and ionic relaxations are 107°

eV and 0.02 eV/A, respectively.

The four electrons pathway for OER process involves the following elementary steps:

* + H,0 — OH* + (H' + &) (1)
OH* — O* + (H* + &) )
O* + H;0 — OOH* + (H' + ¢) ©)

OOH* — * +02 + (H + €) 4)



Where the * represents the active site on the catalyst surface, and O*, OH*, and OOH*
represent the intermediates during the elementary steps of OER process. For each step,

the Gibbs free energy change (AG) can be calculated according to the equation:
AG = AE + AZPE - TAS (5)

Where the AE is the reaction energy of reaction and product molecules absorbed on
catalyst surface, AZPE is the energy change in zero point energy, T equals to 298.15 K

and AS is the entropy change.®

The Gibbs free energy change of adsorbed H (AGn~) on different sites are calculated

as.
AG= = AEw= +AZPE - TAS (6)

where AEn+ is the adsorption energy of H species on catalyst surface. AZPE is the

energy change in zero point energy, T equals to 298.15 K and AS is the entropy change.®
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Fig. S1 SEM images of Ni-Mn-FeP (a, b).
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Fig. S2 SEM images of Ni-FeP (a, b).

Fig. S3 SEM images of Ni-Mn-FeOH (a, b).
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Fig. S4 N2 adsorption/desorption isotherm and the pore-size distribution curve (inset) of Ni-Mn-FeP.

The BET specific surface area of Ni-Mn-FeP had been measured to be 32.7 m? g2,

with a most probable pore size of 23.23 nm and a pore volume of 0.40 cm® g,
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Fig. S5 EDS elemental spectra of Ni-Mn-FeP (a), Ni -FeP (b) and Ni-Mn-FeOH (c).

The atomic ratio of Ni, Mn and Fe in the Ni-Mn-FeP is displayed in Fig S5. It can be

observed that the atomic ratio of metal and phosphorus is 46.25 to 53.75, close to the

stoichiometric ratio of FeP. The atomic ratio of Ni, Mn and Fe is 2.8: 1.68: 41.1,

indicating that FeP is the main phase.
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Fig. S6 XPS survey spectra of Ni-Mn-FeOH (a), Ni-Mn-FeP (b) and Ni-FeP (c).

T T T T
1000 800 600 400

T
200

aA F—mm —om b ° Cooo [—Tmm
900 4——2mM 20 mM o — ——2mMm
E ——5mM 50 mM 'E-wu- = — 5 mM
9 w00 _wpT ™7 7] 65001 1omm
< - // < < 20mM
E < . I/ E 00 E 400 50 mM
2 300 “ =y 2
] o 9 300
£ c
5 G -300 4 3
0 2004 o (=]
> E o E 200
= 4 1 -
5100 = 5 100
(5} o o
-500 4
01 - - - - r . . 04 . . .
12 13 14 15 0.4 0.3 -0.2 0.1 0.0 0.1 13 14 1.5 16 1.7
Potential (V vs RHE) Potential (V vs RHE) Potential (V)

Fig. S7 LSV curves of Ni-Mn-FeP with different Mn contens for OER (a, inset: reverse LSV
curves for OER), HER (b) and overall water splitting (c) in 1 M KOH.

By adjusting the concentration of Mn?* in the etching solution, we had prepared

series of catalysts with different Mn contents and tested their electrocatalytic

performance, as shown in Fig. S7. For the catalysts prepared with the Mn?*

concentration of 1, 2, 5, 10, 20, 50 mM, the overpotential at 10 mA cm for OER are

202, 197, 190, 185, 193 and 223 mV. The overpotential at 10 mA cm for HER are 132,

109, 117, 103, 120, 142 mV. For verall water splitting, the cell voltage for 100 mA cm’

2are 1.61, 1.64, 1.60, 1.55, 1.59 and 1.63 V. It can be observed that the catalyst prepared

with 10 mM Mn?*, with a Mn atomic ratio of 1.68 % exhibits the best performance

toward HER, OER and overall water splitting.
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Fig. S8 LSV curves of Ni-Mn-FeP, Mn-FeP and Mn-NiP for OER (a, inset: reverse LSV curves for
OER)), HER (b) and overall water splitting (c) in 1 M KOH.

Ni foam and Fe foam had been used as substrates for the preparation of catalysts.
The electrocatalytic performance had been tested and provided in Fig. S8. It can be
observed in Fig S8a, Ni-Mn-FeP requires an overpotential of 185 mV to deliver a
current density of 10 mA cm, which is 83 and 95 mV smaller than that of Mn-NiP and
Mn-FeP, respectively. For HER, as shown in Fig. S8b, the overpotential at 10 mA cm™
for Ni-Mn-FeP, Mn-NiP and Mn-FeP are 103, 173 and 134 mV, respectively. When
used as both anode and cathode for water splitting, the advantage of catalytic
performance for Ni-Mn-FeP is more obvious. According to the catalytic performance
comparison toward OER, HER and overall water splitting, the interaction between Ni
and Fe also makes great contributions to the superior catalytic performance toward

OER and HER.
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Fig. S9 Reverse LSV curves of Ni-Mn-FeP, Ni-FeP, Ni-Mn-FeP, RuO; and NiFe for OER in 1 M
KOH.

Reverse LSV scan had been provided in Fig. S9. The overpotential at 10 mA cm



for Ni-Mn-FeP, Ni-Mn-FeOH, Ni-FeP and RuO- had been corrected to be 185 mV, 211
mV, 206 mV and 228 mV, respectively. The difference between the positive LSV curve

and the reverse LSV curve can be attributed to the oxidation of the catalysts.
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Fig. S10 (a) CV curves of Ni-Mn-FeP at different scan rate. (b) Ca calculations with capacitive
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Fig. S11 (a) CV curves of Ni-Mn-FeOH at different scan rate. (b) Ca calculations with capacitive
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Fig. S12 (a) CV curves of Ni-FeP. at different scan rate. (b) Cq calculations with capacitive current
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Fig. S13 (a) CV curves of NiFe at different scan rate. (b) Ca calculations with capacitive current as
a function of scan rate.
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Fig. S14 (a) CV curves of RuO; at different scan rate. (b) Ca calculations with capacitive current as
a function of scan rate.
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Fig. S15 (a) CV curves of Pt/C at different scan rate. (b) Cq calculations with capacitive current as
a function of scan rate.
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Fig. S16 (a) ECSA normalized LSV curves for OER. (b) ECSA normalized current density at the
overpotential of 250 mV. (c) TOFs for OER at the overpotential of 250 mV.
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Fig. S17 (a) ECSA normalized LSV curves for HER. (b) ECSA normalized current density at the
overpotential of 150 mV. (c) TOFs for HER at the overpotential of 150 mV.

2.04 — Calculated O,
—— Calculated H,
= Measured O,

® Measured H,

=
o
1

Gas evolution (mmol)
o =
o =}

o
=)
L

Time (min)
Fig. S18 The amount of O, and H; theoretically calculated and experimentally measured versus
time for Ni-Mn-FeP at 100 mA for 60 min.

The faradaic efficiency (FE) was measured by the water-drainage experiment, which

was performed in a sealed H-type cell, with Ni-Mn-FeP used as both cathodic and



anodic electrodes, respectively. The test was conducted at a current of 100 mA for 60
min. The gas volumes of Hz and O generated were recorded every 6 min. The Faraday
Efficiency was calculated according to the following equation:
FE = V*n*F/I*t*22.4
In which the V is the volume of the generated O or Hz (L). n represents the number of
mols of electrons for per mol of Oz (4) or Hz (2). F is the Faraday constant (96485.3 C
mol™). I is the current (0.1 A) and t is the test time (s). Faradic efficiency for OER and
HER had been calculated to be 97.3% and 98.6% respectively.

> Ff;%;g S
Fig. S19 SEM images (a, b) and TEM images (c, d) of post-HER Ni-Mn-FeP.
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Fig. S21 Calculated H,O adsorption models on Fe (a), Ni (b) sites of Ni-Mn-FeP and Fe (c), Ni (d)
sites of Ni-FeP.



Fig. S22 Calculated *H-*OH adsorption models on Fe (), Ni (b) sites of Ni-Mn-FeP and Fe (c), Ni
(d) sites of Ni-FeP.

Fig. S23 Calculated H adsorption models on Fe (a), Ni (b) sites of Ni-Mn-FeP and Fe (c), Ni (d)
sites of Ni-FeP.



Fig. S24 Calculated *OH adsorption models on Fe (a), Ni (b) sites of Ni-Mn-FeP and Fe (c), Ni (d)
sites of Ni-FeP.

Fig. S25 Calculated *O adsorption models on Fe (a), Ni (b) sites of Ni-Mn-FeP and Fe (c), Ni (d)
sites of Ni-FeP.
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Fig. S26 Calculated *OOH adsorption models on Fe (a), Ni (b) sites of Ni-Mn-FeP and Fe (c), Ni
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Table S1 The Gibbs free energy changes (AG) of the elementary steps during OER process.

Catalytic sites Al AGu AG AGw
4 (* — *OH) (*OH — *0)  (*O —*0OOH) (*OOH — *)
Ni-(Ni-Mn-FeP) -0.226 eV 0.278 eV 3.045 eV 1.620 eV
Fe-(Ni-Mn-FeP) 0.151 eV -0.141 eV 3.572 eV 1.338 eV
Ni-(Ni-FeP) -0.124 eV 0.379 eV 4.166 eV 0.498 eV

Fe-(Ni-FeP) 0.550 eV -0.491 eV 3.521 eV 1.340 eV




Table S2 Comparation of the recently reported transition metal phosphates based bifunctional
electrocatalyst for water splitting.

. . Cell voltage
Overpotential for Overpotential for HER
OER (mV) (mV) (V)
Catalysts Ref
Tafel slope Tafel slope
n1o ni1o n1o0
(mV dec?) (mV dec?)
. This
Ni-Mn-FeP 185 494 103 71.6 1.48
work
amorphous FeP-
. 218 60 120 112 1.62 !
Ni/NF
Feo.14Nio47Co
(Feo1aNloarCooss 5, 77 90 98 159 8
)2P/CFP
NiCoVP/NiFeVP 234 34.4 42 30 1.50 9
NiFeP/SG 218 44 115 47 1.54 10
CoP@NPCSs 350 103 115 70 1.643 1
SnyP3/CozP 280.4 52.7 45.4 72.8 1.56 2
CosNiiP 245 61 129 52 1.59 B
iron/nickel
. 185 47 63 59 1.567 14
phosphides
hollow CoFeP 350 59 157 72 1.57 5

Co@CoP2/CF 210 95 55 62 1.54 16
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