Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2020

Electronic Supplementary Information

CoP and NiyP implanted in hollow porous N-doped carbon polyhedron for pH

universal hydrogen evolution reaction and alkaline overall water splitting

Q

Intensity (a. u.)

20 40 60 80 hei |
2 Theta (deg.) n ’

Fig. S1 (a) XRD and (b) TEM image of ZIF-67
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Fig. S2 (a) XRD patterns, (b) SEM image, (c) low magnification and (d) high
magnification TEM image and (e¢) HAADF-STEM image and corresponding
elemental mapping of Co/Ni-LDH@ZIF-67.
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Fig. S3 (a) XRD patterns, (b) low magnification and (c) high magnification SEM
images, (d) TEM image, (¢) HAADF-STEM image and corresponding EDS elemental
mapping of the as-synthesized Co,Ni@HPNCP.
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Fig. S4 (a) XRD patterns, (b) SEM image, (c) TEM image, (d) HAADF-STEM image
and corresponding EDS elemental mapping of the as-synthesized Co@NCP. Inset in

(b) is magnified SEM image.
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Fig. S5 HER LSV curves of CoP/Ni,P@HPNCP fabricated by phosphorization of
Co/Ni@HPNCP with and without oxidation treatment in air.
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Fig. S6 (a) TGA curves of CoP/Ni,P@HPNCP, CoP@NCP, Co/Ni@HPNCP and
Co@NCP in air, (b) XRD patterns of the residue after pyrolysis of
CoP/Ni,P@HPNCP and CoP@NCP.

The final residue (114.3 wt%) is Co(PO3), and Ni(PO3), based on TGA and XRD.
Therefore, the relatively content of CoP and Ni,P in CoP/Ni,P@HPNCP can be
calculated by following equation:

(X/M(C0P))>M(Co(POs),)+(Y/M(NiP))>2>M(Ni(PO3),)=1.143

where, M(CoP), M(Co(POs3),), M(Ni2P) and M(Ni(PO3),) is the molar mass of CoP,
Co(POs)2, NiP and (Ni(POs),. Because the ratio of Ni with Co is 1:5 based on
ICP-MS measurement results,

(X/IM(CoP)): (2Y/M(Ni2P))=5:1

Therefore, the value of X and Y is 0.3953 and 0.0653, respectively. Consequently,

the relative content of phosphide is 46.06 %.
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Fig. S8 XPS high-resolution spectra of CoOP@NCP: (a) Co 2p, (b) P 2p and (c) N 1s.
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Fig. S9 Raman spectra of CoP/Ni,P@HPNCP and CoP@NCP.
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Fig. S10 CV curves of (a)CoP/Ni,P@HPNCP, (b) CoP@NCP, (c) Co/Ni@HPNCP
and (d) Co@NCP in the non-faradaic capacitance from 0.10 V to 0.20 V vs. RHE at
scan rate of 20, 30, 40, 50, 60, 70 and 80 mV s in 1.0 M KOH, (f) calculated Cg for
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CoP/Ni,P@HPNCP, CoP@NCP, Co/Ni@HPNCP and Co@NCP.
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Fig. S11 (a) Specific activity and (b) TOF of CoP/Ni,P@HPNCP, CoP@NCP,
Co/Ni@HPNCP and Co@NCP in 1.0 KOH.

The specific activity was calculated by normalizing the Cg to a standard specific
capacitance (40 pF cm™@).'Turnover frequency (TOF) can be obtained from the
equation: TOF = (J x A)/ (z x F >n), Where J is the current density at specific
overpotential (MA cm™), A presents geometric area of the samples (cm™), F is faraday
constant (96485 C mol™) and n represents the total moles number of all active metal
sites, Z is the electron number transferred to product one molecule gas. For HER, N is
2, for OER, N is 4. *°
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Fig. S12 EIS of CoP/Ni,P@HPNCP, CoP@NCP, Co/Ni@HPNCP and Co@NCP
measured in 1.0 KOH.
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Fig. S13 The equivalent circuit model of EIS analysis of all samples.



The equivalent circuit constitutes by a parallel combination of (R, CPE;) and (R,
CPE;) element in series with Rs. The CPE is regarded as the double layer capacitor
from the catalyst/support and catalyst solution. Rs, Rt and R; is uncompensated
solution resistance, charge transfer resistance and the contact resistance between the

catalyst material and the others resistance, respectively.
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Fig. S14 CV curves of (a)CoP/Ni,P@HPNCP, (b) CoP@NCP, (c) Co/Ni@HPNCP
and (d) Co@NCP in the non-faradaic capacitance from 0.10 V to 0.20 V vs. RHE at
scan rate of 20, 30, 40, 50, 60, 70 and 80 mV s in 0.5 M H,SO,, (f) calculated Cg for
CoP/Ni,P@HPNCP, CoP@NCP, Co/Ni@HPNCP and Co@NCP.
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Fig. S15 (a) Specific activity and (b) TOF of CoP/Ni,P@HPNCP, CoP@NCP,
Co/Ni@HPNCP and Co@NCP in 0.5 H,SO,.
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Fig. S16 CV curves of (a)CoP/Ni,P@HPNCP, (b) CoP@NCP, (c) Co/Ni@HPNCP
and (d) Co@NCP in the non-faradaic capacitance from 0.10 V to 0.20 V vs. RHE at
scan rate of 20, 30, 40, 50, 60, 70 and 80 mV s in 1.0 M PBS, (f) calculated Cy for
CoP/Ni,P@HPNCP, CoP@NCP, Co/Ni@HPNCP and Co@NCP.
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Fig. S17 (a) Specific activity and (b) TOF of CoP/Ni,P@HPNCP, CoP@NCP,
Co/Ni@HPNCP and Co@NCP in 1.0 M PBS.
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Fig. S18 EIS of CoP/Ni,P@HPNCP, CoP@NCP, Co/Ni@HPNCP and Co@NCP
measured in (a) 0.5 H,SO4 and (b) 1.0 M PBS.
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Fig. S19 (a) SEM image, (b) TEM image, (c) HAADF-STEM image and

corresponding EDS elemental mapping of CoP/Ni,P@HPNCP after long-term test in
1.0 M KOH.



Fig. S20 (a) SEM image, (b) TEM image, (c) HAADF-STEM image and
corresponding EDS elemental mapping of CoP/Ni,P@HPNCP after long-term test in
0.5 M H,SO,.
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Fig. S21 (a) SEM image, (b) TEM image, (c) HAADF-STEM and corresponding

EDS elemental mapping of CoP/Ni,P@HPNCP after long-term test in 1.0 M PBS.
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Fig. S22 XPS high-resolution spectrua of CoP/Ni,P@HPNCP after long-term HER
test (a) Co 2p, (b) Ni 2P, (c) P 2p and (d) N 1s.
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Fig. S23 CV curves of (a)CoP/Ni,P@HPNCP, (b) CoP@NCP, (c) Co/Ni@HPNCP
and (d) Co@NCP in the non-faradaic capacitance from 0.95 V to 1.05 V vs. RHE at
scan rate of 20, 30, 40, 50, 60, 70 and 80 mV s in 1.0 M KOH, (f) calculated Cg for
CoP/Ni,P@HPNCP, CoP@NCP, Co/Ni@HPNCP and Co@NCP.
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Fig. S24 (a) Specific activity and (b) TOF of CoP/Ni,P@HPNCP, CoP@NCP,
Co/Ni@HPNCP and Co@NCP in 1.0 M KOH.

Fig. S25 (a) SEM image, (b) TEM image, (c) HRTEM, (d) HAADF-STEM and
corresponding EDS elemental mapping of CoP/Ni,P@HPNCP after OER test.
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Fig. S26 XPS high-resolution spectra of CoP/Ni,P@HPNCP after OER test: (a) Co 2p,
(b) Ni 2p, (c) P 2p and (d) O 1s.
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Fig. S27 (a) HER and (b) OER LSV curves of CoP/Ni,P@HPNCP deposited on Ni

foam and glass carbon electrode surface.
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Fig. S28 (a)The digital photo of H, and O, volume at different test time, (b) Volume
of H, and O, as a function time at 0.025 A.
The theoretical volume of H, or O, during overall water splitting can be calculated

by following equation

_IXtx22.4
nxF

\%

where, V is volume of H, or O, (L), n is the electron number transferred to product
one molecule gas, F presents the faraday constant (96485 C mol™). i is applied current

(A), t represents test time (S). In our experiment, i is 0.025 A.



Table S1 Comparison of HER, OER and overall water

splitting of

CoP/Ni,P@HPNCP with other reported phosphide-based bifunctional electrocatalysts

in 1.0 M KOH.
Stvf(;przfn:;r?lz Tafel slope Ellelctrolyl/tic
(mV dec‘l) cell  voltage
Catalysts (mV) At 10 mA Reference
HER OER HER OER ¢m2(v)
CoP/Ni,P@HPNCP 106 294 65.9 655 1.59 This work
CoP/NCNHP 115 310 66 70 1.64 4
CoxP/N-doped C 187 380 585  68.1 1.71 5
CoP/EEBP 118 315 79 75 1.666 6
Co,P/CoNPC 208 326 726 839 1.64 7
. 290
Ni,P/NF 116 (50) 68 75 1.63 8
NiCoFeP/C 149 270 89 65 1.60 9
FeP,—-NiP,@PC 179 248 65 54 1.70 10
NiCoP@CusP 54 309 72 42 - 11
: 138.6 231
FeNi-LDH/CoP/CC (20) (20) 56.1 335 1.617 12
FeCo/Co,P@NPCF 260 330 120 61 - 13
CoP/Ni,P 200 300 103 60 1.60 14
251
F80.29C00.71P/NF 74 53.6 37.8 1.59 15

(50)




Table S2 EIS fitting parameters from equivalent circuits of all samples during HER

process in 1.0 M KOH.

Samples /Rs; /C SP 3 0<nrt/<1 /Rslz /C SP Eﬁ 0<nr?/<1 ?sczt
CoP/Ni,P@HPNCP 8.196 ;Z)?)z 0.80 1.886 éé(l)i 0.87 4554
CoP@NCP 8.226 é%%; 0.38 0.598 I;?)?)i 0.88 64.81
Co/Ni@HPNCP 7.739 2%%2 0.39 0.465 él(l)?)sz 0.44 7105
Co@NCP 8.230 é%%:; 0.82 0.592 é?)z)g, 0.65 849.0
Table S3 Comparison of HER of CoP/Ni,P@HPNCP with other reported

phosphide-based bifunctional electrocatalysts in 0.5 M H,SO,.

Overpotential

at Tafel slope

Catalysts 10mAcm2(mV)  (mV dec?) Reference
CoP/Ni,P@HPNCP 130 63.38 This work
CoP/NCNHP 140 53 4
CoP-INNC@CNT 153 62 16
Ni—Cu-P films 150 69 17
Co4Ni;P NTs 131 54 18
Ni-CoP/HPFs 144 52 19
CoP/Ni,P 174 78 14
CoP NPs 135 65 20




Table S4 Comparison of HER of CoP/Ni,P@HPNCP with other reported
phosphide-based bifunctional electrocatalysts in 1.0 M PBS.

Overpotential at ~ Tafel slope

Catalysts 10mAcm2(mv)  (mV dect) Reference

CoP/Ni,P@HPNCP 141 87.2 This work
CoP-400 161 81 21
V, N-CoP 146 88 22
Ni,P@NPCNFs/CC 185.3 230.3 23
NiCoP/rGO 142 91 24
Ni-Co-P-H (0.5M PBS) 157 84 25
CoogFegsP-1.125 140 75 26

Table S5 EIS fitting parameters from equivalent circuits of all samples during HER

process in 0.5 M H,SOy4,

Rs CPE; n1/ R; CPE, n2/ Rct

Samples /0 /Ss"™ 0<n<l /Q /Ss" O<n<l  /Q
CoP/Ni,P@HPNCP 8.399 ;'_‘ézj 0.89 0.339 é'_?(’)gg 057  5L0
CoP@NCP 8.745 2'_(1)225 0.80 0.337 ;-f)?)i 060 2135
CoINI@HPNCP  7.816 é-?)?)i 082 828 E'_ggi 0.59 ::B%g
Co@NCP 8062 20 g0 545 1180 g 1478

E-004 E-003 E+004




Table S6 EIS fitting parameters from equivalent circuits of all samples during HER

process in 1.0 M PBS.

Rs CPE]_ n1/ R, CPE2 n2/ Ret

Samples /O  /Ss" 0<n<l /Q /Ss" 0<n<l  /Q
CoP/Ni;P@HPNCP 13.08 23225 0.54 23.02 g‘éég 054 4952
CoP@NCP 12.99 ;%‘; 0.59 24.56 ég?)i 0.46  60.99
CoNi@HPNCP  15.25 ;222 0.87 5359 é%‘; 0.55 ;%702
Co@NCP 14.94 2%%1 0.86 60.12 ;g%?é 0.52 ;%70%

Table S7 EIS fitting parameters from equivalent circuits of all samples during OER

process in 1.0 M KOH.

Rs Q: ny/ R1 Q: Nyl Ret

Samples /0 /Ss" 0<n<l /@ /Ss" O<n<l  /Q
CoP/Ni,P@HPNCP 8.532 é‘ééz 0.79 1847 :%)E(S)j 054  76.07
CoP@NCP 9.785 2(1323 0.56 13.05 gégi 0.79 107.5
Co/Ni@HPNCP 9.453 é:ét; 046 315 é%ﬁi 0.82  593.0
Co@NCP 9.464 ;%3(;2 0.77 8331 22%2 059 9181
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