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Part I: Materials and Methods
Reagents and materials

Analytical-grade cobaltous nitrate hexahydrate (Co(NOs),-6H,0), Nickel(II) nitrate
hexahydrate (Ni(NOs),-6H,0), urea (CH4N,0), anhydrous ethanol (EtOH), sodium
hypophosphite (NaH,PO,-H,0) and potassium hydroxide (KOH) were purchased
from Sinopharm Chemical Reagent Co., Ltd. Commercial Pt/C and IrO, were
purchased from Macklin and Aladdin, respectively. 5 wt.% Nafion was purchased
from Aladdin and Alfa Aesar, respectively. All reagents and chemicals were used
without further purification.

Synthesis of NiCo0,0,/NiCoP heterostructure

Typically, 1 mmol Ni(NO;),-6H,0 and 2 mmol Co(NOs),-6H,0 were firstly added
into 15 mL mixed solution of deionized water and ethanol (V.o : VEon=3:0,2: 1,
1:1,1:2,0: 3, respectively) in stirring for 60 min to form a uniform solution. Then,
10 mmol urea was added into the above dispersion and further stirred for another 60
min. The obtained solution was transferred into 25 mL autoclave with a Teflon liner
at 160 °C, and kept for 12 h. The obtained product was centrifugal, and then washed
with distilled water for several times, and dried at 60 °C in vacuum. The above
samples were recorded as NiCo precursors-1/2/3/4/5, respectively.

Afterwards, NiCo precursors and 1 g NaH,PO,-H,O were placed in the central and
upstream positions of a tube furnace, respectively. After flushed with Ar, the center of
the tube furnace was elevated to 300 °C at a ramping rate of 2 °C min'! and held at
this temperature for 30 min, and then naturally cooled to ambient temperature under
Ar to yield the NiCo0,04/NiCoP heterostructure.

For comparison, NiCoP was prepared under the similar experimental conditions,
but with 1.5 NaH,PO,-H,O in the phosphidation process. The NiCo,0, was also
obtained via a similar experimental process, but without any NaH,PO,-H,O in
phosphidation process.

Physicochemical characterization
The surface morphology was measured by field-emission scanning electron

microscopy (FE-SEM, JSM-7610F). High resolution transmission electron



microscopy (HR-TEM) was determined by a JEOL JEM-2100F microscope. The
crystalline phase was identified by XRD (X’Pert Pro MPD, Panalytical Company, Cu-
Ko X-ray source). X-ray photoelectron spectroscopy (XPS) was identified on a VG
ESCALAB MKII spectrometer with an Mg Ka X-ray source. The electron spin
resonance (ESR) analysis was obtained on a JEOL spectrometer (JES-FA200) at
ambient temperature.

Electrochemical Measurements

Electrochemical measurements were carried out with a CHI 760E electrochemical
analyzer. A standard three-electrode system was used, including a rotating disk
electrode (RDE) as the working electrodes (0.196 cm?), a carbon rod as the auxiliary
electrode, and a Ag/AgCl as the reference electrode. The catalyst ink was prepared by
ultrasonically dispersing the mixture of 5 mg of catalyst, 0.5 mL ethanol, 0.5 mL
deionized water and 20 pL of 5 wt.% Nafion solution. 10 pL of the catalyst ink was
pipetted and spread onto the electrode. The loading of the studied catalysts was 250
ug cm2,

For the OER, the polarization curves were measured in 1 M KOH solution recorded
from 1.1 to 2.0 V at a scan rate of 5 mV s'!. Note that high-purity O2 was bubbled
through the electrolyte during the testing to fix the reversible oxygen potential (or
ensure the O2/H20 equilibrium at 1.23 V vs. RHE). To avoid the peeling of catalyst
caused by evolved O2 adhesion, a rotation speed of 1600 rpm was offered during the
OER. For the HER test, the measurements were also carried out in 1 M KOH solution
with a scan rate of 5 mV s! and 1600 rpm rotating speeds. Before testing, N2 was
passed through the electrolyte for at least 20 min to saturate the electrolyte with No.
The impedance was tested by electrochemical impedance spectroscopy measurements
in a frequency range from 0.1 Hz to 100 kHz at open circuit potential with 5 mV
amplitude of sinusoidal potential perturbation.

The overall water splitting was tested in the two-electrode scheme in 1 M KOH.
The NiCo,04/NiCoP was dropped onto a carbon paper substrate in both the anode and

cathode. The catalyst loading is 0.6 mg cm™2.



Part II: Figures and Tables
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Figure S2. XRD pattern of NiCo precursor-4.
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Figure S3. (a) OER polarization curves in O,-saturated 1 M KOH of NiCo precursors;

(b) Overpotentials at a chosen current density of 10 mA ¢cm' and the current densities

at a chosen potential of 1.65 V; (¢) HER polarization curves in Nj-saturated 1 M KOH

of NiCo precursors; (d) Potentials at a chosen current density of 10 and 100 mA cm™.
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Figure S4. (a and b) SEM images of NiCo0,04/NiCoP at different magnification.
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Figure SS. (a and b) TEM images of NiCo,04/NiCoP at different magnification.
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Figure S6. EDX spectrum of NiCo0,04/NiCoP and atom percentage of Ni, Co, O and
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Figure S7. Full XPS spectrum of NiCo,04/NiCoP.
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Figure S8. XPS spectra of (a) Ni 2p, (b) Co 2p in NiC0,04/NiCoP and NiCoP.
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Figure S9. ESR spectra of NiCo,0,4/NiCoP and NiCoP.
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Figure S10. (a) XRD pattern and (b) SEM image of NiCo,0,.

The NiCo,0O; composite was prepared by the similar procedure with
NiCo,04/NiCoP except the exclusion of NaH;PO,-H,0 in phosphidation process. The
NiCo0,04 composite shows the distinct characteristic peaks correspond to NiCo,04
(JCPDS Card No. 73-1702), confirming the formation of NiC0,0,. In addition, SEM

images show that NiCo,0, displayed a disordered sheet structure.
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Figure S11. (a) XRD pattern and (b) SEM image of NiCoP.
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The NiCoP composite was prepared by the similar procedure with NiCo,0O4/NiCoP
except the addition of 1.5 NaH,PO,-H,O in the phosphidation process. The NiCoP
composite shows the distinct characteristic peaks correspond to NiCoP (JCPDS Card
No. 71-2336) and CoP (JCPDS Card No. 89-2747), respectively, indicating the
successful fabrication of NiCoP. Besides, SEM images show that NiCoP displayed

the irregular porous nanosheets.
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Figure S12. (a) HER polarization curves in Nj-saturated 0.5 M H,SO,4 of NiCo,0,,
NiCoP, NiCo,0,4/NiCoP and commercial Pt/C catalysts. (b) Overpotentials at chosen

current density of 10 mA cm™.
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Figure S13. Cyclic voltammograms curves at different scan rates of (a)

NiCo0,04/NiCoP, (b) NiCoP and (c) NiCo0,0,.
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Figure S14. (a and b) SEM images of NiC0,04/NiCoP after durability test of 12 h.
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Figure S15. High-resolution XPS spectra of NiCo204/NiCoP after durability test at

(a) Ni 2p and (b) Co 2p region.



Table S1. Performances of recently reported OER electrocatalysts. Herein, the

comparison of OER activity of NiCo,04/NiCoP with previously reported cobalt based

materials and other non-noble metal electrocatalysts were made.

Overpotential / Loadings
Catalyst Electrolyte Ref
mV (10 mA cm??) (mg cm?)
NiCo0,04/NiCoP 295 1 M KOH 0.25 This work

Nip¢Co 4P 300 1 M KOH 0.35 !
CoNi LDH/CoO 300 1 M KOH 0.265 2
CoOx 306 1 M KOH 0.5 3
NiCo0,0, nanosheets 320 1 M KOH 0.28 4
CoMn LDH 324 1 M KOH 0.142 >
CoO nanorods 330 1 M KOH 0.19 6
C0304/NiC0,04 340 1 M KOH 1 7
Reduced Co3;0,4 nanowire 380 1 M KOH 0.136 8
Co304@Co0O 430 1 M KOH 0.077 ?




Table S2. Comparison of HER activity of NiC0,04/NiCoP with other HER catalysts

reported before.
Overpotential / Loadings
Catalyst Electrolyte Ref
mV (10 mA cm?) (mg cm?)
NiCo,04/NiCoP 198 1 M KOH 0.25 This work

CopcMo; 4N, 200 0.1 M HCI1O4 0.243 10
CoP/CC 209 1 M KOH 0.92 1
NiCoP/rGO 209 1 M KOH N/A 12
CoP@BCN 215 1 M KOH 0.4 13
Cug3Co,7P/NC 220 1 M KOH N/A 14
CoP/RGO-0.36 250 0.5 M H,SOy4 0.29 15
Co0.32Nig¢sS; film 276 0.5 M H,SO4 N/A 16
CoS,/rGO 278 0.5 M H,SOy4 0.28 17

Co-NRCNTs 370 1 M KOH 0.28 18




Table S3. Comparison of the overall water splitting activity of NiC0o204/NiCoP with

those of the previously reported non-noble metal catalysts.

Voltage / V (10
Catalyst Electrolyte Ref
mA cm?)
NiC0,04/NiCoP 1.66 1 MKOH  This work

CoNi(OH)y || NiNy 1.67 1 M KOH 19
NiFe/NiCo,04 1.67 1 M KOH 20
NiCo,S4 1.68 1 M KOH 21
Co;Mn,;CH 1.68 1 M KOH 22
CoP/rGO 1.7 1 M KOH 23
CoO/MoOy 1.72 1 M KOH 24
NiC0,04 || Nig33C00,67S, NWs 1.73 1 M KOH 25
CP/CTs/Co-S 1.74 1 M KOH 26

NixCo3.x0y4 || NiCo/NiCoOy 1.75 1 M KOH 27
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