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Experimental Section

Materials

All chemicals are of analytical grade and were used as received without further
purification. Cobalt (II) acetate (99.99 %), nickel (II) nitrate hexahydrate (99.99 %),
potassium ferricyanide (99.95 %), trisodium citrate dehydrate (99 %), sublimed sulfur
(99.95 %), ammonium tetrathiomolybdate (99.95 %) and DMF (99.8 %) were

purchased from Aladdin Industrial Corporation.
Synthesis of FeCoNi-PBA particles

Cobalt (II) acetate (320 mg), nickel (II) nitrate hexahydrate (525 mg) and trisodium
citrate dihydrate (1600 g) were dissolved in water (120 mL). Potassium ferricyanide
(800 mg) was dissolved in water (120 mL). The above two solutions were mixed
uniformly after ultrasonic treatment (30 min) and then reacted in a water-bath at 28 °C
for 20 h. The product, named as FeCoNi-PBA was then washed with water and ethanol

for three times.
Synthesis of yolk-shell structured FeCoNi-S particles

FeCoNi-PBA (780 mg) and sublimed sulfur (55 mg) were dispersed in DMF (60 mL),
then sealed in a Teflon-lined stainless-steel autoclave and reacted at 190 °C for 20 h.

The product, named as FeCoNi-S was washed with ethanol for three times.
Synthesis of yolk-shell structured FeCoNi-PS particles

FeCoNi-S (100 mg) and NaH,PO,-2H,0 (1000 mg) were placed at two end positions
of a quartz boat in a tube furnace. The furnace was heated at a heating rate of 2 °C min™!

and held at 320 °Cfor 2 h under argon flow. The phosphide product, named FeCoNi-PS



was obtained after cooling to ambient temperature. For comparison, FeCoNi-PBA was
phosphated through the same process.

Characterization.

Morphologies of the products were measured on JEM-2100 TEM and a FEI apreo
SEM. EDS spectroscopy was tested by using a TEM equipped with EDXA. Element
distribution was performed on Tecnai-G2-F30 S-TWIN, which was equipped with
HAADF detector. HRTEM and HAADF-STEM were observed on Talos F200x G2.
The element in the near surface layers was demonstrated with XPS, which was
demonstrated on ESCALAB 250Xi system. The PXRD spectrum of the samples were
achieved on X’Pert PROM MPD (Panalytical) system with a CuK a X-ray sources (A

= 1.5400).
Preparation of samples for HER and OER electro-catalysis.

The catalyst slurry was prepared by mixing active material (1 mg) with pure carbon
(Vulcan XC72, 1 mg) in a mixed solution of water (0.65 mL), ethanol (0.3 mL) and
Nafion (5 % w/w in water and 1-propanol, 50 uL) with stirring.! A drop of the catalyst
slurry (10 pL) was transferred onto a rotating disk electrode (RDE, 0.196 cm?) with a
pipette. After drying in airflow, the electrode was used for HER and OER test. As to
the carbon paper electrodes, the carbon paper (1.0 x1.0 cm?) was repeatedly immersed
into the catalyst slurry and dried in airflow. The net weight of the catalyst on the carbon
paper was 1.5 mg. After drying in airflow, the carbon paper electrodes were used as
both anode and cathode for the overall water splitting test.

Electrochemical characterizations.
HER and OER electro-catalysis tests were performed in a typical three-electrode

configuration on PGSTAT-302N instrument. RDE with active sample was used as the
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working electrode, Hg/HgO as the reference electrode and a Pt foil (1.0 cm?) as the
counter electrode. All of the polarization curves were measured in 1.0 M KOH solution
by using RDE with a rotation of 1600 r.p.m. at a scan rate of 5 mVs'!. The
electrochemical double-layer capacitance was used as an indicator for ECSA. Cyclic
voltammetry was carried out at six different scan rates of 10, 20, 40, 80, 120 and 160
mV s, Absolute value of the measured capacitive current densities at the average
potential in the selected range were added and plotted as a function of the scan rates,
the slope of the linear fit was used as an indicator for ECSA. Overall water splitting
was tested in a two-electrode system by using the carbon paper electrodes as both the
cathode and anode at 1.8 V, the current density vs. time was plotted. To simplify the
calculation, TOF of HER and OER was calculated based on the catalysts mass. For
HER, the TOF is:

TOF _
HER = 5@ 0
For OER, the TOF is

Jt
mF ()

TOF ppp =
J is the current on the electrodes, A;
tis 3600 s,

m is the mass of catalyst, g;

F is Fraraday Constant, 96485.

Thus, the unit of TOF is g''h-1.
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Fig. S1 XRD pattern of FeCoNi-PBA. The standard patterns of K;FeNi(CN)g,

K,CoFe(CN)g and KNiFe(CN)g are also plotted for reference.



Fig. S2 SEM image of FeCoNi-PBA. The as-obtained FeCoNi-PBA are dominantly

polyhedral shape with rough edges and corners.

Fig. S3 TEM image of FeCoNi-PBA. The as-obtained FeCoNi-PBA are dominantly

polyhedral shape with rough edges and corners.
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Fig. S5 SEM image of FeCoNi-PS. Compared with FeCoNi-S, éome of the

phosphatized products show openings and become more rounded.



Fig. S6 TEM image of FeCoNi-PS. Most of the particles inherit yolk-shell structure

from FeCoNi-S.

Fig. S7THAADF-STEM of FeCoNi-PS. HADDF-STEM images show the difference

in brightness, suggesting a uniform structure.
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Fig. S9 Pore diameter distribution of FeCoNi-PS. The most probable pore diameter is

3.91 nm.



Fig. S10 HRTEM image of FeCoNi-PS. The distinct lattice fringes can be observed,

well triggered to sulphides, phosphides, and Cog 5S¢ sPs.

Fig. S11 SEM image of FeCoNi-P.
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Fig. S12 TEM image of FeCoNi-P.
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Fig. S13XRD pattern of FeCoNi-P.

11



Fig. S14 HRTEM image of FeCoNi-P.
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Fig. S15 TEM-EDX spectra of FeCoNi-P.
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Fig. S16 XRD pattern of FeCoNi-S.

Fig. S17 SEM image of FeCoNi-S.
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Fig. S19 (a) HAADF-STEM image of FeCoNi-S and (b) EDX cross-sectional line

profile on an individual particle.
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Fig. S20 TEM-EDX spectra of FeCoNi-S. The atomic ratio of Fe, Co, Ni and S has

been presented.
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Fig. S21 (a) TEM and (b) HRTEM images of FeCoNi-S. The lattice fringes

correspond to the planes of CoySg, Ni3S; and Fe, sNiy 5S7 g, respectively.
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Fig. S22 Polarization curves of FeCoNi-PS, FeCoNi-P, FeCoNi-S and commercial

Pt/C for HER without iR correction.
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Fig. S23 Double-layer capacitances of FeCoNi-PS, FeCoNi-P and FeCoNi-S for HER.
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Fig. S24 Stability test of FeCoNi-PS. Inset is the enlarged region in the ranges of -

0.32 ~-0.26 V (vs. RHE) and -14 ~ -6 mA cm™.
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Fig. S25 Polarization curves of FeCoNi-PS, FeCoNi-P, FeCoNi-S and commercial

RuO, for OER without iR correction.

17



1.5 1.8 .
v
~ 1.0 1.2 4
g 0.5/ g 069 e 2
o (¥
< 0.0 @ <
E o5l E-06 E
e ~-1.21 ~
-1.04 A
i OER-FeCoNi-P$§ 18] OER-FeCoNi-P OER-FeCoNi-S
Rl , . . . . 61 . .
0.90 0.95 1.00 0.90 0.95 1.00 1.25 1.30 1.35
Potential (V vs. RHE) Potential (V vs. RHE) Potential (V vs. RHE)
2.0 6
2.4- 5]
1.5
r‘vg 5 1.84 4
1.0 A
; E 1.2 9'\"6 E 31 >
0.5 < [ & < 2
£ E 0] o E 90&
. — - (=) — 1]
0.0 = : &) .
OER-FeCoNi-PS 0.0 OER-FeCoNi-P 0 OER-FeCoNi-§
0.5 T T T T T ! x r ! - u v x x L
0 40 80 120 160 0 40 80 120 1160 0 40 80 120 1160
Scan rate (mV s ) Scan rate (mV s ) Scan rate (mV s )

Fig. S26 Double-layer capacitances of FeCoNi-PS, FeCoNi-P and FeCoNi-S for OER.

The scan rates were selected as 10, 20, 40, 80, 120 and 160 mV s!.
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Fig. S27 Stability test of FeCoNi-PS for OER. Inset is the enlarged region in the

ranges of 1.35-1.45 V (vs. RHE) and 6-14 mA cm?.

18



]

% 1'4-. = hydrogen P (32 —~
= 1.2- = oxygen /' (28 =
£ 1.0/ P 24 =
T 0.8 P 20 S
= ] 16 ©
(@) 0.6' /./ L E
£ 04l 12
002 < s @
02| 4 3
Opool— ___ _1Ip
0 30 60 90 120

Time (min)

Fig. S28 The collected hydrogen and oxygen at a constant current density of 40 mA
cm at 298 K. The amount of hydrogen and oxygen shows a molar ratio of 2.04:1.

The faradic efficiencies of HER and OER are 99.3 % and 97.1 %, respectively.
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Table S1 HER and OER overpotentials at 10 mA ¢cm™ in 1.0 M KOH

Over-potential (mV vs. RHE)

Catalysts Ref.
HER OER

FeCoNi-PS 284 162 This work
FeCoNi-P 346 235 This work
FeCoNi-S 468 244 This work
CoySs 461 384 2
CoySg@MoS,/CNFs - 430 3
Porous Co phosphide/Phosphate 380 - 4
Amorphous cobalt phosphosulfide on Ni foams - 283 5
NiCo,S4 NWs/NF ) 260 6
CoP NSs ) 277 7
Ni-P ; 300 8
Co-Mn-P - 330 9
Co-Fe-P 3D electrode ) 270 10
NisP, films ) 290 1
NizP . 290 12
NiP/Ni . 270 13
NipP/Ni/NF ) 200 14
NiFe-NS ) 302 15
Co-P film ) 345 16
CoP-MNA ) 290 17
NiCoPS/CC ) 230 13
NiP.62S0.38 ) 240 19
NiCoP ) 280 20
NiCoFeP ) 273 1
CP/CTs/Co-S ) 306 2
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