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Experimental Section

Synthesis of cobalt carbonate hydroxide hydrate precursor. 0.44g of
Co(NO3)2:6H>0, 0.14 g of NH4F and 0.45 g of urea was dissolved in a 30 mL deionized
water under vigorous stirring for 10 min; then, the mixed solution was transferred into
the autoclave and cobalt foam with the size of 2 cm*2 cm was immersed in the reactor.
The autoclave was treated under 120 °C for 6 h. The Co foam were cleaned by
hydrochloric acid, ethanol and distilled water, respectively, before use. After cooling
down to room temperature, the pink precipitate was found coated over the Co foam and
finally, cobalt carbonate hydroxide hydrate precursor containing N element from the
urea was obtained by drying at 60°C for 8 h under vacuum atmosphere. Similar
approach has been employed to obtain the N-doped catalyst material reported elsewhere
in the hydrothermal approach to introduce the N element.[1-3]

Synthesis of CoP-N/Co foam. CoP-N/Co foam was synthesized by the thermal
annealing of cobalt carbonate hydroxide hydrate precursor containing N element and
NaH>PO; in a tube furnace. The mass ratio of cobalt carbonate hydroxide hydrate to
NaH>PO; is 1:2 was placed in a corundum crucible. The NaH>PO, was put at the
upstream and cobalt carbonate hydroxide hydrate precursor was placed at the
downstream side. The thermal decomposition process was heated to 300 °C at a ramping

rate of 3 °C min™!

and maintained for 4 h under nitrogen flow protection. Finally, the
obtained CoP-N/Co foam was washed by water and ethanol, and then dried at 60 “C for
12 h under vacuum. The mass loading of the N doped CoP on Co foam was calculated
by measuring the weight difference between the initial Co foam and N doped CoP

coated Co foam.

Synthesis of CoP /Co foam. In order to remove impurity elements (N) from the cobalt
carbonate hydroxide hydrate precursor, the cobalt carbonate hydroxide hydrate
precursor was transferred to Co3z04 by thermal annealing at 350 °C for 2 h under air
atmosphere (Figure S1). Then, the CoP/Co foam was synthesized by the thermal
decomposition of purified precursor and NaH>PO with a mass ratio of 1:2. They were
put in to a corundum crucible at the upstream and downstream side, and then put into a
tube furnace. The thermal decomposition process was at a ramping rate of 3 °C min!

heat to 300 °C maintained for 4 h under nitrogen flow protect. Finally, the obtained CoP
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/Co foam was washed by water and ethanol, and then dried at 60 "C for 12 h under
vacuum. The mass loading of the CoP on Co foam was calculated by measuring the

weight difference between the initial Co foam and CoP coated Co foam.

Synthesis of P doped Co foam. The Co foam were cleaned by hydrochloric acid,
ethanol and distilled water, respectively. And then the Co foam was dried at 50 °C for 8
h. The P doped Co foam was synthesized by the thermal decomposition of Co foam and
NaH2POs. In a mass ratio (Co foam/NaH>POz) of 1:2, the NaH,PO> and Co foam
respectively was put in corundum crucible at the upstream and downstream side, and
then put into a tube furnace. The thermal decomposition process was at a ramping rate
of 3 °C min"! heat to 300 °C maintained for 4 h under nitrogen flow protect. Finally, the
obtained P doped Co foam was washed by water and ethanol, and then dried at 60 °C
for 12 h under vacuum. The mass loading of the P doped Co foam was calculated from

the weight difference between the initial Co foam and P doped Co foam.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance
Powder X-ray diffractometer using a Cu Ko (A = 1.5405 A) radiation source operating
at 40 kV and 40 mA, and at a scanning rate of 5 ° min"'. A fine powder sample was
ground, then put on the glass slide and pressed to make a flat surface under the glass
slide. All transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
measurements were conducted on a TECNAI G2 operating at 200 kV. The element
mapping analysis and energy dispersive X-ray detector spectrum (EDX) images were
obtained on a TECNAI G2 transmission electron microscope equipped with an EDXA
detector: the microscope was operated at an acceleration voltage of 200 kV. All X-Ray
photoelectron spectroscopy (XPS) measurements were carried out on a Kratos XSAM-
800 spectrometer with an Al Ko radiation source. The mass content of the catalyst was
measured by a precise balance with the accuracy of 1/100 000g (Sartorius Quintix®,
quintix35-1CN)

All the electrochemical measurements were performed with a Bio-Logic VSP
electrochemical workstation (Bio-Logic Co., France). The OER and HER performance
was measured in a three-electrode electrochemical cell. A saturated calomel electrode

(SCE, Hg/Hg>Cl,) electrode was used as the reference electrode through a double salt-
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bridge and luggin capillary tip, and it was carefully calibrated before and after the
measurement to ensure the accuracy. A graphite rod was used as the counter electrode.
Potentials were referenced to a reversible hydrogen electrode (RHE) by adding a value
of (0.24 + 0.0592*pH) V. All potentials were converted and referred to the RHE unless
stated otherwise. A sample (1 cmx0.5 cm foam) was used as the working electrode. A
total electrolyte volume of ~50 mL was used to fill the glass cell. The cyclic
voltammetry experiments for the OER and HER were conducted in 1 M KOH at 25 °C
using a working electrode and a scan rate of 5 mV s’ The preparation of the Pt/C/Co
foam and RuO2/Co foam samples was shown in detail as follows: 5 mg of Pt/C or RuO:
catalysts, 960 pL ethanol and 40 pL Nafion solution were mixed, and then sonicated for
30 min to make a homogeneous dispersion. 50 pL of the catalysts ink was loaded onto
the Co foam (1 cmx0.5 cm) by drop casting as the working electrode with a mass
loading of 0.25 mg cm™. Prior to recording the OER and HER activity of as-preparation
catalysts, the catalysts were activated by 50 cyclic voltammetry scans in 1 M KOH at a
scan rate of 20 mV s™!.

The electrochemical surface area (ECSA) was evaluated in terms of doubler layer
capacitance (Ca). The ECSA was estimated by cyclic voltammetry (CV) without
Faradaic processes occurred region from 0.025 to 0.225 V in 1 M KOH at scan rate 20,
40, 60, 80 and 100 mV s!. The Cq was estimated by plotting the AJ = (J, - J¢)/2 at 0.125
V vs. RHE against the scan rate. The linear slope is the double layer capacitance Cai.
The specific capacitance is evaluated for a flat surface by assuming 40 uF cm™
according to previous literature.[4-7] The electrochemically active surface area was
achieved by normalizing the doubler layer capacitance to a standard specific
capacitance.

Turnover frequency (TOF) was calculated using the following equation (lower TOF

limits were calculated) [8, 9]:

] X A
] X A

J is the current density at a specific overpotential (A cm™). 4 is the geometric area of
the Co foam-based samples. F is the faraday constant (96485 mol C™!). n is the total
number of moles of all the active metal sites (Co metal ions) that were deposited onto
the Co foam. The moles of metal ions were calculated based on the equation: (D*4)/M,
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D is the loading density, M is the relative molecular mass.

A gas-tight electrochemical cell coupling with a gas burette was carried out to verify
the faradaic yield of samples. The working electrode was prepared by drop-casting
catalyst suspension on the Co foam with the surface area of 1 cm2. A constant
overpotential (-100 mV vs. RHE and 1.49 V vs. RHE) was applied on the electrode and
the volume of the evolved gas was recorded synchronously. Thus, the faradaic yield
was calculated from the ratio of the recorded gas volume to the theoretical gas volume
during the charge passed through the electrode[10] (Figure S11):

Vexperimental _ Vexperimental
1)
4

Faradaic yield =

Vtheoretical X % X Vm

where Q is the charge passed through the electrode, F is Faraday constant (96485 C

mol!), the number 4 means 4 mole electrons per mole O, the number 1 (2) means 1 O

( 2 mole Hz) mole, ¥, is molar volume of gas (24.5 L mol!, 298 K, 101 KPa).
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Figure S1. XRD patterns of cobalt carbonate hydroxide hydrate precursor and after

purified precursor.
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Figure S2a. SEM images of cobalt carbonate hydroxide hydrate precursor.
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Figure S2b. SEM images of (a-b) cobalt carbonate hydroxide hydrate precursor and
(c-d) CoP-N/Co foam.
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Figure S3. TEM images of CoP-N/Co foam.
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Figure S4. XPS survey scan of CoP-N/Co foam, CoP/Co foam and P doped Co foam.
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Figure S5. XPS spectra of (a) C 1s, and (b) O 1s of CoP-N/Co foam, CoP/Co foam
and P doped Co foam.
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Figure S6. XPS spectra of N 1s of CoP-N/Co foam and CoP/Co foam.
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Figure S7. The equivalent circuit model of EIS analysis of all samples.

The equivalent circuit includes a parallel combination of (R1, CPE2) and (R¢, CPE1)
element in series with Rs. The CPE generally was employed to well fit the impedance
data by safely treating as an empirical constant without considering the its physical
basis. And mostly, it was regarded as the double layer capacitor from the
catalyst/support and catalyst solution. Rs was a sign of the uncompensated solution
resistance, Rt was a charge transfer resistance arisen from the relevant electro-chemical
oxidation, R1 was associated to the contact resistance between the catalyst material and
the others resistance.
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Figure S8. (a)-(c) Cyclic voltammograms of CoP-N/Co foam, CoP/Co foam and P

doped Co foam in the non-faradaic capacitance from 0.025 V to 0.225 V vs. RHE

current range at scan rates of 20, 40, 60, 80 and 100 mV/s. (d) Calculated

electrochemical double-layer capacitance for CoP-N/Co foam, CoP/Co foam and P

doped Co foam.
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Figure S9. (a) Specific HER activity of as-prepared catalysts. Polarization curves are
normalized by the electrochemical active surface areas, which indicates the higher
specific activity of the CoP-N/Co foam than the HER activities of CoP/Co foam and P
doped Co foam. (b) TOF values of the as-prepared catalysts as a function of

overpotential.
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Figure S10. (a) Specific OER activity of as-prepared catalysts. Polarization curves are
normalized by the electrochemical active surface areas, which indicates the higher
specific activity of the CoP-N/Co foam than the OER activities of CoP/Co foam and P
doped Co foam. (b) TOF values of the as-prepared catalysts as a function of

overpotential.
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Figure S11. The tested volume of Oz and H> gas released versus water splitting time

with the CoP-N/Co foam. (At 50 mA cm™ in 1 M KOH.)

The theoretical line represents the expected amounts of H, and O> assuming a

quantitative of 100% Faradaic yield. The Faradaic yield is closing to 100%, which were

calculated under charge passed through the electrode by the ratio of the observed gas

volume to the theoretical gas volume calculated. The loss may be attributing to the

attached bubbles on working electrode surface and the dissolved gas in the KOH

solution.
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Table S1. XPS spectrum fitting for peak position of samples.

Samples Co 2p3/2 Co 2p1/2

CoP-N/Co foam 7784 781.6 7934 797.5
CoP/Co foam 778.4 781.6 7934 7975
P doped Co foam 778.1 781.0 793.1 796.9
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Table S2. Comparison of HER and OER performance in 1 M KOH for reported

transition metal catalysts.

Overpotential
Mass loading Electrode
Materials (vs. RHE) Reference
(mg/cm?)  substrate
HER OER
60(100) This
CoP-N/Co foam 1.9 Co foam 260(ns0)
(n10(ns0)) work
This
RuO»/Co Foam 0.25 Co foam - 322 (ns0)
work
40(77) This
Pt/C/Co Foam 0.25 Co foam -
(n10(nso)) work
] Carbon
np-(Nio.¢7Fe0.33)4Ps - 120(n10) ~ 275(ns0) [11]
fiber
Nio.51C00.49P-NF - Ni foam 82(n10) 280(ns0) [12]
Co2P/Co-foil - Co foil 157(mi0)  319(n10) [13]
) Carbon
C00.93Ni.07P3 /CC 1.05 87(M10) 330(ns0) [14]
cloth
Carbon
CoP NS/CC 0.28 90(n10) 310(n10) [15]
cloth
. Carbon
Nii sFeosP 1.38 282(n10)  264(n10) [16]
fiber
CoP@NF 1.2 Ni foam 109(mi0)  270(n10) [17]
Nii2Ps/NF 3 Ni foam 170(mi0)  272(m20) [18]
Glass
Co/CoP-5 0.88 193(m10)  320(n20) [19]
carbon
Glass
CosP - 75(n10) 320(n20) [20]

carbon
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Table S3. EIS fitting parameters from equivalent circuits of samples during HER

process.

Rs R1 CPE: n Ret CPE N
Samples

/Qcem?/Qcem?/Ss™h /0<n<1/ Q cm?/Ss™ /0<n<1

CoP-N/Co foam  3.45  2.06 1.334E-1 0.46 8.1 4.056E-2 0.83
CoP/Co foam 3.61 343 7.335E-2 096 26.1 9.013E-2 0.46

P doped Co foam  3.40 190 2.461E-3 0.81 320 2.199E-2 0.64

The resistance in the high frequency region revealed the resistance including electrolyte
from the working electrode to the counter electrode, material itself and others resistance,
which is independent of the applied potential.[21, 22] In the low-frequency region, the
resistance is indicated by the mass transfer during electrocatalytic reactions

corresponding to the electrocatalytic kinetics.[23]
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Table S4 EIS fitting parameters from equivalent circuits of samples during OER

process.

Rs R1 CPE; n Rt CPE n
Samples
/Qem?/Qem? [/Ss™  /0<n<l /Qcm?  /Ss"  /0<n<l

CoP-N/Co foam 3.60  2.03 1.456E-1 0.48 9.0 9.802E-2 0.89
CoP/Cofoam 353 391 1.753E-1 0.42 21.8 4.277/E-1 0.88

P doped Co foam3.48 531  2.402E-1 0.55 46.5 1.105E-1 0.95
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Table SS5. Summary of overall alkaline water splitting activity at 1 M KOH of recently

reported bifunctional non-noble electrocatalysts.

Potential at 10 or 50

. Electrode
Materials mA cm? Reference
substrate (vs. RHE)
1.49 (10) )
CoP-N/Co foam || CoP-N/Co foam Co foam This work
1.61 (50)
1.51 (10) )
RuO,/Co foam || Pt/C/Co foam Co foam This work
1.78 (50)
CoP/NF || Co,P/ NF Ni foam 1.61 (20) [20]
NiCoP-NF || NiCoP-NF Ni foam 1.58 (10) [24]
Ni0.51C00,49P—NF || Ni0,51C00,49P—NF Ni foam 1.57 (10) [12]
S:CoP@NF || S:CoP@NF Ni foam 1.617 (10) [17]
NiCoP films || NiCoP films Cu mesh 1.59 (10) [25]
CoP NS/CC || CoP NS/CC Carbon cloth 1.67 (10) [15]
CoP/NCNHP || CoP/NCNHP Glass carbon 1.64 (10) [26]
Co,P/Co-foil || Co,P/Co-foil Co foil 1.71 (10) [13]
np—(Nio,(,7Feo,33)4P5 || np—(Nio,67Feo_33)4P5 Glass carbon 1.62 (10) [1 1]
CosMo1.00 NSs || CosMoy 0P NSs Ni foam 1.68 (10) [27]
NiFe LDH@NiCoP/NF || NiFe LDH@NiCoP/NF  Ni foam 1.57 (10) [28]
. . 1.53 (10)
RuOy/graphite paper||Pt—C/graphite paper  Graphite paper [29]
1.85 (50)
1.60 (10) about
RuO,/CC||Pt-C/CC Carbon cloth [30]
1.80 (50) about
1.59 (10) about
RuO,||Pt-C Ni foam [31]
1.83 (50) about
Pt/C||RuO2 Ni foam 1.54 (10) [32]
RuO,//Pt/C Ni foam 1.54 (10) [33]
1.57 (10)
RuO,||Pt/C Carbon fiber [34]
1.80 (50) about
RuO,||Pt-C Cobalt foam 1.56 (10) [35]
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