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Experimental section

Materials: Cobaltous(Il) nitrate hexahydrate (Co(NO;),-6H,0), p-phthalic acid
(CgHgOy), urea (CH4N,0), ammonium fluoride (NH4F), hydrochloric acid (HCI),
potassium hydroxide (KOH) and sodium hypophosphite (NaH,PO,-H,O) were
purchased from Jinan Camolai Trading Company. Nickel foam (NF) was provided by
Hongshan District, Wuhan Instrument Surgical Instruments business. Pt/C (20 wt% Pt
on Vulcan XC-72R) and RuO, were purchased from Jinan Jiadong Chemical Co., Ltd..
The ultrapure water (UP H,0O) was obtained by AD3L-05-0300R UP H,0 instrument.
All chemicals are analytically pure without further purification.

Preparation of Co(OH)F/NF: First, 40 ml of ultrapure water, 2 mmol of cobaltous(II)
nitrate hexahydrate (Co(NO;),-6H,0), 5 mmol of ammonium fluoride (NH4F) and 10
mmol of urea (CH4N,O) were placed in a beaker and stirred for 30 minutes to form a
homogeneous solution. Then, this pink solution and a piece of pre-treated NF with a
metallic luster were poured into a Teflon-lined autoclave and heated to 120 °C for 6 h.
Finally, the product was cooled to room 25 °C, washed with ultrapure water and dried
in a vacuum oven at 50 °C.

Synthesis of Co-MOF/NF: A piece of Co(OH)F/NF and p-phthalic acid (CgH¢O4, 100
mg) were placed at the center and upstream sides of the tube furnace, respectively.
Then, the temperature was raised to 350 °C at a rate of 5 °C min~! and held for 2 h in
an atmosphere of Ar, yielding Co-MOF/NF catalyst after natural cooling.

Synthesis of p-CoP/NF: A piece of Co-MOF/NF and 500 mg NaH,PO, (at the
upstream side of the furnace) were placed in two separate quartz boats, heated to 280
°C at arate of 2 °C min~!' and maintained for 2 h under a flowing Ar atmosphere. After
cooling to room temperature, p-CoP/NF catalyst was obtained. By comparing the mass
of bare NF and p-CoP/NF, the loading of p-CoP/NF is about 1.25 mg cm™.

Synthesis of CoP/NF: The as-obtained Co(OH)F/NF sample and 500 mg NaH,PO,
powder were placed in the central and upstream positions of a tube furnace,

respectively. The temperature was increased to 280 °C within 2 h and hold for 2 h under
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Ar gas. After the furnace was naturally cooled down to room temperature, Co(OH)F
was converted to CoP, yielding a CoP/NF sample. According to the same calculation,
the loading of CoP/NF is about 1.1 mg cm™.

Characterizations: Scanning electron microscopy (SEM) images and energy
dispersive spectroscopy (EDS) was obtained from a field emission SEM (ZEISS,
Germany) with an accelerating voltage of 20 kV. Transmission electron microscopy
(TEM), high-resolution TEM (HRTEM) data and selected area electron diffraction
(SAED) pattern were performed on JEOL JEM-2100 electron microscopy (Tokyo,
Japan). X-ray photoelectron spectroscopy (XPS) measurements were carried out on an
ESCALAB 250 spectrometer (Thermo Fisher Scientific, USA). X-ray diffraction
(XRD) patterns were measured on a D/max 2500VL/PC diffractometer equipped with
Cu Ka line (A = 1.54060 A). Nitrogen sorption isotherms were carried out on a
Micromeritics ASAP 2050 system. The surface area was determined according to
Barret-Joyner-Halenda (BJH) model.

Electrochemical measurements: All electrochemical tests were performed on the CHI
760D electrochemical workstation (Chenhua Instrument Co., Ltd., Shanghai). During
the test, a graphite rod was used as the counter electrode, Hg/HgO as the reference
electrode, p-CoP/NF (0.5 cm % 0.5 cm) as the working electrode and 1.0 M KOH as the
electrolyte solution. The potential was referred to versus reversible hydrogen electrode
(vs. RHE) by calibrating the reference electrode with Pt foil as both the working and
the counter electrodes in a sealed standard three-electrode. Saturate the electrolyte with
high-purity hydrogen for at least half an hour before performing electrode calibration.
CV curve were performed at the scan rate of 1 mV s™!in 1.0 M KOH, as exhibited in
Fig. S9. All potential data were recorded RHE using equation E-1, and the Tafel slope
was estimated using equation E-2. Linear sweep voltammetry (LSV) was achieved in
1.0 M KOH at a scan rate of 2 mV s™!. The potential cycling stability was measured by
continuous cyclic voltammograms (CV) at a scan rate of 100 mV s™! with a range of
overpotential of 0 to 0.2 V. Long-term stability was analysed via chronoamperometry.

E (RHE) = E (Hg/HgO) + 0.106 V + 0.0591 x pH—i x R (E-1)



Where R; is the solution impedance (€2) and i is the current (A). Besides, the value of
pH for 1.0 M KOH is 13.89.
n=a+Db x logj (E-2)

Where 7 is the overpotential, b is the Tafel slope and ; is the geometric current density.
The E-3 and E-4 equations are used to calculate the number of active sites and turnover
Calculation of the number of active sites an turnover frequency (TOF)

The number of active sites (n) was determined by CV collected from -0.2 to +0.6 V vs.
RHE in 1.0 M phosphate buffer solution (PBS, pH = 7) with a scan rate of 50 mV-s™!.
While it is difficult to assign the observed peaks to a given redox couple, n should be
proportional to the integrated charge over the whole potential range. Assuming a one-
electron process for both reduction and oxidation, the upper limit of n could be

calculated with the equation (E-3):

ZF (E-3)

TOF can be calculated with the equation (E-4):
TOF = L
2Fn (E-4)

Where Q is the voltammetric charge, F is the Faraday constant (96485 C-mol™"),  is the
current (A) during the linear sweep measurement and 7 is the numbers of active sites
(mol). The factor 1/2 in the equation represents that two electrons are required to form
one hydrogen molecule from two protons. In addition, it is 1/4 for oxygen evolution
reaction.
The electrochemically active surface area (ECSA) was evaluated according to the

equation (E-5).

ECSA = ——
Cs (E-5)

Where S is the actual surface area of the electrode, and C; is the specific capacitance of
an atomically smooth material. Therefore, Cs was considered to be a constant of 40 pF

cm 2 in this work. However, due to the approximate treatment of Cs, it is worth noting
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that calculated ECSA could only be considered as approximate guide due to the inherent
inaccuracies in its determination. The ECSA values of p-CoP/NF, CoP/NF,
Co(OH)F/NF and NF are estimated to be 387.5, 225.0, 93.8 and 25.0 cm?, respectively.

The faradaic efficiency (FE) is calculated by E-6 equation.
x NF

experiment

FE =

Vi 2 Q (E-6)
Where the Vegperiment 15 the volume of gas actually collected, N is the number of
transferred electrons, F is the faraday constant (96485 C mol™!), Q is the charge passed
through the electrode and V7, is the gas molar volume at 298 K and 101 kPa (24.5 L

mol ™).
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Fig. S1. XRD pattern of Co(OH)F and Co-MOF (The powder was obtained by

continuous ultrasound for 1 h for testing).
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Fig. S2. High-resolution XPS spectra of Co(OH)F (a) Co 2p, (b) O Is and (c) F 1s;
High-resolution XPS spectra of Co-MOF (d) Co 2p, (¢) O 1s and (f) C 1s.
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Fig. S4. (a,b) SEM images of Co-MOF/NF.



Fig. SS. (a,b) SEM images of CoP/NF.
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Fig. S6. (a) Room-temperature EPR spectra of p-CoP; (b) SAED pattern of p-CoP.
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Fig. S7. Energy-dispersive X-ray spectrum of p-CoP/NF.

11



d o b 0.008
g CoPINF = ——e— COP/NF
| P-CoP/NF | -
S o ‘TU! 0.006 p-CoP/NF
© E
@ 4o,
-g L ,,: 0.004
B 8
s 204 g 0.002 a
s o
= S . _
E o 2 0.000 S .
g 00 03 06 09 0 50 100 150 200 250
Relative pressure (P/P;) Pore diameter (nm)

Fig. S8. (a) N, sorption isotherms; (b) pore size distribution of CoP/NF and p-CoP/NF.
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Fig. S9. (a) CV curve of Hg/HgO electrode calibration in 1.0 M KOH and (b) The

enlarged view of (a).
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Fig. S10. CA responses of activity stabilized of (a) p-CoP/NF, (b) CoP/NF and (c¢) Pt/C

in 1.0 M KOH in the catalytic turnover region. All potential data were iR-

compensation; (d) True steady-state polarization curve constructed from HER current

densities at the 100th second of CA responses.
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Fig. S11. CA responses of activity stabilized of (a) p-CoP/NF, (b) CoP/NF and (c)
RuO, in 1.0 M KOH in the catalytic turnover region. All potential data were iR-
compensation; (d) True steady-state polarization curve constructed from OER current

densities at the 100th second of CA responses.
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Fig. S12. CA responses of activity stabilized of (a) p-CoP/NF||p-CoP/NF and (b)

CoP/NF||CoP/NF in 1.0 M KOH in the catalytic turnover region. All potential data were

iR- compensation.
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Fig. S13. (a) XRD (The powder was obtained by continuous ultrasound for 1 h for

testing), (b) SEM, (c) TEM and (d-g) EDX elemental mapping images for p-CoP/NF

after 15 h HER test.
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Fig. S14. (a) XRD (The powder was obtained by continuous ultrasound for 1 h for
testing), (b) SEM, (c) TEM and (d-g) EDX elemental mapping images for p-CoP/NF
after 15 h OER test.
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Fig. S15. Nyquist plots of p-CoP/NF and CoP/NF obtained at open circuit potential.
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Fig. S16. CVs of (a) NF (b) Co(OH)F/NF, (¢) CoP/NF and (d) p-CoP/NF under different

scan rates; (e) Linear fitting curves of the capacitive currents vs. scan rates.

20



p-CoPINF 7| ——p-CoPINF
CoP/NF CoPINF

& &

\ ' 0.6

E -01 £

[&] [&]

<L <

g §_ 0.08

~ 0.2 t— ;

e — _/’//
0.00 /;__/
0.3 =
0.4 0.3 0.2 0.1 0.0 1.2 1.4 1.6 1.8
E (V vs. RHE) d E (V vs. RHE)

= 0 & 300

o ——— p-CoPINF o p-CoP/NF

£ CoP/NF £ CoP/NF

E -100 E 200

=2 2

Z 200 = 100

Q [&]

< <

/1)

& 300 o

© c 0

= =

0.4 0.3 0.2 0.1 0.0 1.2 1.4 1.6 1.8
E (V vs. RHE) E (V vs. RHE)

Fig. S17. (a) Electrochemical surface area is normalized HER polarization curves; (b)
Electrochemical surface area is normalized OER polarization curves; (c) Mass loading
is normalized HER polarization curves; (d) Mass loading is normalized OER

polarization curves.
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Fig. S18. (a) CV curves of p-CoP/NF and CoP/NF 1.0 M phosphate buffer solution
(PBS, pH = 7) with a scan rate of 50 mV s™!; TOF values of p-CoP/NF and CoP/NF (b)
HER and (c¢) OER.
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Fig. S19. (a) Gas collection device for gas; (b) The volume of gas, including calculated

theoretically and measured experimentally.
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Fig. S20. (a) HER, (b) OER and (c) overall water splitting performances of p-CoP/NF
(different quality of p-phthalic acid (50, 100, 200 mg)).
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Table S1. Comparison of the HER performance for p-CoP/NF with other catalysts.

n at the
Tafel slope
Catalysts Electrolyte j (mA cm2) | corresponding j Ref.
(mV dec™?)
(mV)

p-CoP/NF 1.0 M KOH 10 35 43 This work
CoP/NCNT-CP 1.0 M KOH 10 165 96 1
CoP NFs 1.0 M KOH 10 136 56.2 2
NiCoP/CNF 1.0 M KOH 10 130 83 3
Ni-Co-P 1.0 M KOH 10 121 65 4
CoP@NPC 1.0 M KOH 10 86 62.3 5
Bi/CoP 1.0 M KOH 10 122 60.2 6
NC-CNT/CoP 1.0 M KOH 10 120 73 7
Fe;-NiCoP 1.0 M KOH 10 60 51.1 8
CoP-A 1.0 M KOH 10 100 76 9
CoP@FeCoP 1.0 M KOH 10 141 56.34 10
CuCo,-P 1.0 M KOH 10 49.5 58 11

O-doped Co,P/CuO
1.0 M KOH 10 116 59 12
NWs

Co-Fe-P 1.0 M KOH 10 86 66 13
CoP/NCNHP 1.0 M KOH 10 115 66 14
CoP/NPC/TF 1.0 M KOH 10 80 50 15
CoP/Co,P 1.0 M KOH 10 68 51.8 16
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Table S2. Comparison of the OER performance for p-CoP/NF with other catalysts.

i at the
Tafel slope
Catalysts Electrolyte j(mA cm™2) | corresponding j Ref.
(mV dec™?)
(mV)
p-CoP/NF 1.0 M KOH 10 253 59 This work
O-doped Co,P/CuO
1.0 M KOH 10 270 74.4 12
NWs/CF
CoP/NCNHP 1.0 M KOH 10 310 70 14
NiCoFeP/C 1.0 M KOH 10 270 65 17
Er doped CoP 1.0 M KOH 20 256 70 18
NiCoP@NC NA/NF 1.0 M KOH 50 305 70.5 19
CoP@NG 1.0 M KOH 10 354 63.8 20
Ni-CoP@C 1.0 M KOH 10 279 54 21
Fe-CoP cage 1.0 M KOH 10 300 35.2 22
CoP-TiOx 1.0 M KOH 10 337 72.1 23
CoP,/Fe-CoP, YSB 1.0 M KOH 10 266 68.1 24
CoP@NiCo-LDH 1.0 M KOH 20 271 98 25
MnO,-CoP3/Ti 1.0 M KOH 10 288 65 26
CoP,@3D-NPC 1.0 M KOH 20 372 67 27
CoP-Bl 1.0 M KOH 10 297 58.1 28
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Table S3. Comparison of the overall water splitting activity for p-CoP/NF with other

catalysts.
Voltage at the
Catalysts Electrolyte j (mA cm=2) | corresponding j Ref.
(mV)

p-CoP/NF 1.0 M KOH 10 1.55 This work
CoP@NPC 1.0 M KOH 10 1.60 5
Fe;-NiCoP 1.0 M KOH 10 1.61 8
CoP@FeCoP 1.0 M KOH 10 1.68 10
CoP/NCNHP 1.0 M KOH 20 1.64 14
CoP/Co,P 1.0 M KOH 10 1.57 16
Er doped CoP 1.0 M KOH 10 1.58 18
CoP NA/CC 1.0 M KOH 10 1.65 29
CoP NFs 1.0 M KOH 50 1.65 30
CoP/rGO-400 1.0 M KOH 10 1.70 31
V-CoP@a-CeO, 1.0 M KOH 10 1.56 32
FeCoP UNSAs 1.0 M KOH 10 1.60 33
CoP-N/Co foam 1.0 M KOH 10 1.61 34
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