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Experimental Section

Preparation of Co-P foams and film by electrodeposition

Co-P foam and Co-P film were formed by electrodeposition using a three-electrode cell in an
electrolyte composed of 0.1 M CoSQO,, 0.7 M H,SO,4, 0.5 M NaH,PO,.H,O and 1.2 M
(NH4),SO,4. A nodule-type copper sheet was used as substrate for the electrodeposition of
Co-P foam. A pure Co plate and a standard calomel electrode (SCE) were used as counter
and reference electrode, respectively. Co-P foams were deposited galvanostatically at
cathodic current densities of 0.5, 1, 3, 5 and 9 A/cm? for 10 s in the prepared electrolytic
solution with magnetic stirring. A Co-P film was electrodeposited at 50 mA/cm? for 300 s.
All the electrodeposition processes were conducted at room temperature, 25 °C. The

electrodeposited samples were dried in vacuum for 1 h after being rinsed with distilled water.

Characterization

To examine the effects of current density on the morphology of the prepared Co-P samples,
surface images of the prepared Co-P samples were observed using a scanning electron
microscope (SEM). Chemical composition of the Co-P samples was analyzed by EDS and
XPS. Microstructure of the Co-P deposits was further investigated with a transmission
electron microscopy (TEM). For the TEM analysis, the dried Co-P deposits were raked out
from the substrate with tweezers, and then dispersed in ethanol with sonication for 30 min.
Crystal structure of the Co-P deposits was identified by selected area electron diffraction

(SAED) and by X-ray diffraction (XRD).

Electrochemical measurements
Electrochemical measurements were carried out in a three-electrode cell. A circular copper

foil was pasted on a rotating disk glassy carbon electrode as working electrode. And a Pt wire



and SCE were used as counter electrode and reference electrode, respectively. HER activity
was evaluated using a LSV test in 0.5 M H,SO4 and 1M KOH aqueous solution at a scan rate
1 mV/s. OER activity was also evaluated using a LSV test in 1 M KOH aqueous solution. All
measured potentials were converted from SCE to reversible hydrogen electrode (RHE). In 0.5

M HzSO4, ERHE =0.281V + ESCEa andin 1 M KOH, ERHE =105V + ESCE-

Calculation of electrochemically active surface area

Electrochemically active surface area (ECSA) was evaluated from the following equation;
ECSA = Cp/Cs, where Cp is the electrochemical double-layer capacitance and Cs is the
capacitance of an atomically smooth planar surface.!? In this work, Cs value of 40 puF cm-
was employed.’ Values of Cpp were calculated based on the following equation; i = vCpy,
where 1 is the double layer current measured by cyclic voltammograms at different scan rates

(v) from 5 to 80 mV/s.



Fig. S1. Surface images of nodular type Cu substrate

Co-P foam

Cu substrate

Fig. S2. Cross sectional SEM image of the Co-P foam.



Fig. S3. SEM images of the Co-P catalysts electroplated at cathodic current densites of (a) 0.5,

(b) 1, (¢) 5 and (d) 9 A/cm?.

Figure S3 shows the surface morphology of the Co-P catalysts electrodeposited on a Cu
substrate at various cathodic current densities from 0.5 to 9 A/em? for 10 s. For the Co-P
sample electrodeposited at 0.5 A/cm? (Fig. S3a), spherical shaped crystals were formed
smoothly. Micro cracks were observed in the film, indicating high residual stress was
induced in the film by hydrogen evolution during the electrodeposition. With increasing
cathodic current density to 1 A/cm? (Fig. S3b), macro pores in diameter of 1.2 um were
formed in the Co-P film. Small spherical particles were agglomerated and micro cracks were
clearly observed even low magnification of SEM image due to the higher overpotential and

faster hydrogen evolution than at 0.5 A/em?. With increasing current density to 3 A/cm?, their



pore size was increased to 6 um (Fig. 1b,c). For Co-P electrodeposited at 3 A/cm?, the pore
size and porosity were the highest among the prepared samples. It should be noted that as the
cathodic current density was further increased to 5 (Fig. S3c) and 9 A/cm? (Fig. S3d), pore
size in the Co-P structure remarkably decreased. For Co-P electrodeposited at 9 A/cm?, pore

size was approximately 3.5 um.

Fig. S4. (a) SEM image for the Co-P foam electrodeposited at 3 A/cm? and atomic mapping

images of (b) Co and (c) P in the Co-P foam.
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Fig. S5. XRD results of Co-P catalysts electrodeposited at current densities of (a) 0.5, (b) 1,
(c) 3, (d) 5, (e) 9 A/cm? and (f) Co-P film.
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Fig. S6. HER activities for Co-P catalysts electrodeposited at current densities of 0.5, 1, 3, 5,
and 9 A/cm? measured at 1 mV/s in H, saturated 0.5 M H,SO, solution.
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Fig. S7. Image analysis of Co-P catalysts electrodeposited at current densities of (a) 0.5, (b) 1,
(¢)3,(d) 5, and (e) 9 A/em?.

Table S1. Porosity of Co-P catalysts electrodeposited at current densities of (a) 0.5, (b) 1, (c)
3,(d) 5, and (e) 9 A/cm?.

Electrodeposition conditions Porosity
of Co-P catalysts (mA/cm?) (pore area/whole area, %)
0.5 0.276
1 0.58
3 13.8
5 2.51
9 0.36




Fig. S8. Surface images of the Co-P film electrodeposited at 50 mA/cm?.
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Fig. S9. Chronoamperometric responses (i—t) at an overpotential of 50 mV (n @ 10
mA/cm?) in H,-saturated 0.5 M H,SOy, solution.



a b c ,
o o &
E O — co- e 0 Initial =
L _g;cp AL L —— After 2000 cycle ° 5
-0} T 10} 0
> > >
B 20t B -0 10
c c c
5 5 S
0 £ B 151
g g ¢
5.0} 5 -0 5
(&) L n (8] " L (8] 20 H L L H H
0.4 -0.3 -0.2 -01 0.0 0.4 -0.3 0.2 -0.1 0.0 0 5000 10000 15000 20000 25000 30000
Potential (V vs. RHE ) Potential (V vs. RHE ) Time (sec)

Fig. S10. (a) HER activities, (b) durability test of Co-P foam and Pt/C and (c)
chronoamperometric responses (i—t) of the Co-P foam at an overpotential of 131 mV (n

@ 10 mA/cm?) in Hp-saturated 1 M KOH solution.
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Fig. S11. Chronoamperometric responses (i—t) of the Co-P foam at at overpotential of 300

mV (M @ 10 mA/cm?) mV in O,-saturated 1 M KOH solution.
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Fig. S12. XPS results of (a) Co 2p and (b) P 2p peaks of as prepared Co-P foam and that of

Co-P foam after HER test.
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Fig. S13. Cyclic voltammograms measured at scan rates from 5 to 80 mV/s and
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corresponding j vs. scan rates plots for (a, b) the Co-P foam and (c, d) the Co-P film.



Table S2. HER activity Co-P catalysts in acidic media.*!3

Catalyst I]10 Electrolyte Conc.
(mV) (H,SO)
Co-P foam (this work) 50 0.5M
CoP* 67 0.5M
CoP? 90 0.5M
CoP® 48 0.5M
CoP’ 75 0.5M
CoP/RGO?® 270 0.5M
CoP/mesoporous carbon’ 112 0.5M
CoP nanotubes!? 129 0.5M
Co,P nanorods!! 134 05M
CoP'? 98 0.5M
CoP/CNT!3 122 0.5M




Table S3. OER activity of Co-P catalysts in alkaline media.'4-*

Materials Ilw mV) Electrolyte Conc.
(KOH)

Co-P foam (this work) 300 mV 1M
Iron doped NiO!# 297 mV M
NiO/CNT" 350 mV IM
Ni P'¢ 290 mV IM
Co-P film!” 345 mV IM
NiCo LDH!® 367 mV IM
CoCo LDH" 393 mV IM
C0304/rm-GO?° 310 mV IM
CoxOy/NC?! 430 mV 1M
CoMn LDH?* 324 mV IM
NiFeOx film?? 350 mV M
CoO/NG* 340 mV IM
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