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Note S1 Density Functional Theory Calculation

DFT was used to study the reaction energy barriers of BP and Ni-BP-6 during reaction process
for overall water splitting. Device Studio program provides a number of functions for
performing visualization and modeling [S1].The DFT calculations were carried out based on
projector augmented-wave (PAW) method and the Vienna Ab Initio Simulation Package
(VASP) code, employing Perdew-Burke-Ernzerhof (PBE) and generalized gradient
approximation (GGA) [S2-S4]. A 6x4x1 supercell of black phosphorus (0 2 0) was used k-
points grid of 3x3x1 and 6x6x1 for structure optimization and density of states (DOS)
calculations, respectively [S5]. The cutoff energy was 450 eV and the convergence of energy
and forces were 10° eV and 0.01 eV AL,

S1.1 Density Functional Theory Calculation of OER Progress

In an alkaline environment, OER calculation could occur in the following four-electron
pathways:

OH +*¢>"OH +¢ (S1)
‘OH + OH < 0+ H,0+¢ (S2)
‘O+ OH <> "O0H + ¢ (S3)
"O0H <302+ "+ H0 + & (S4)

where * represents the active site on the surface, the adsorption energy for adsorbates AEags for
OOH*, O*, and OH* can be calculated by the following equations:

AEO* = E(O*) — E(*) — (EH20 — EH») (S5)
AEOH* = E(OH*) — E(*) — (EH20 — 1/2EH>) (S6)
AEOOH* = E(OOH¥*) — E(*) — (2EH20 — 3/2EH>) (S7)
The adsorption free energy for adsorbates AGads can be calculated by the following equation:
AGads = AEads + AZPE — TAS (S8)

AZPE-TAS is used as energy correction values, and the results of the corresponding steps are
listed in Tables S5-S6.
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S1.2 Density Functional Theory Calculation of HER Progress
The free energy of hydrogen adsorption (AGn~) is defined as
AGu* = AEn* + AEzpe — TASH (S9)

Where AEw~ is the adsorption energy of hydrogen, AEzpe is the zero-point energy, T is for
temperature and ASw is the entropy differences of H between the adsorbed hydrogen and gas
phase hydrogen (H2). The H* denotes the catalytic active site for hydrogen adsorption. AEx= is
defined as

AEp+ = E(Surf + H") — E(Surf) — 1/2E(H>) (S10)

Where E(Surf+H™), E(Surf) and E(H) represent total energies of the electrocatalyst with
adsorbed hydrogen atom, the catalyst itself and Hz, respectively.

Under standard conditions, the value of AEzpe-TASH is chosed as the reference. Thus, equation
(S9) can be abbreviated as equation (S11)

AGHx = AEp~ + 0.24 (S11)

In order to match the experimental and theoretical calculations more closely, H atoms adsorbed
on the surface of BP and Ni-BP-6 were used to calculate their (AGn+). The detailed data of
(AGH) of electrocatalyst can be found in Table S7.

Note S2 XAFS Spectra Test

XAFS spectra at the Ni K-edge (8333 eV) was carried out on the sample at 21A X-ray
nanodiffraction beamline of Taiwan Photon Source (TPS), National Synchrotron Radiation
Research Center (NSRRC). This beamline adopted 4-bounce channel-cut Si (111)
monochromator for mono-beam X-ray nanodiffraction and X-ray absorption spectroscopy. The
end-station equipped with three ionization chambers and S3 Lytle/SDD detector after the
focusing position of KB mirror for transmission and fluorescence mode X-ray absorption
spectroscopy. The photon flux on the sample is range from 1x10'~3x10° photon/sec for X-ray
energy from 6-27 keV. The data of XANES and EXAFS were analyzed by Athena software
[S6]. The Matlab source code of Wavelet transform (WT) referred Mufpz M. and co-workers’
code [S7, S8].

Supplementary Figures and Tables

Fig. S1 Electrochemical exfoliation procedure from bulk BP to BP NSs
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Fig. S2 SEM images: (a) Ni-BP-3, (b) Ni-BP-6, (c) Ni-BP-9
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Fig. S3 XRD patterns of different samples
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Fig. S6 TEM characterizations of Ni-BP-3: (a, b) TEM images, (¢) HRTEM image, (d) SAED
pattern, and (e) EDS mapping images
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Fig. S7 TEM characterizations of Ni-BP-9: (a, b) TEM images, (¢) HRTEM image, (d) SAED
pattern, and (e) EDS mapping images
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Fig. S8 FTIR spectra of samples
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Fig. S9 F 1s XPS profiles of (a) BP NSs, (b) Ni-BP-3, (¢) Ni-BP-6, (d) Ni-BP-9
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Fig. S10 B 1s XPS profiles of (a) BP NSs, (b) Ni-BP-3, (¢) Ni-BP-6, (d) Ni-BP-9

Ni-BP-6 + Experimental

b ﬁ — Fitting
o -

FT(3(k))*K°)

0 i 2 é 4
R+a(A)

Fig. S11 Ni K-edge EXAFS (points) and curvefit (line) for Ni-BP-6, shown in R-space (FT
magnitude and imaginary component). The data are k>-weighted and not phase-corrected. Note:

the detailed fitting parameters are given in Table S4.
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Fig. S12 Wavelet transform for the k3-weighted EXAFS signals: (a) Ni foil and (b) NiO
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Fig. S13 Bar plots of OER overpotentials at 10 mA cm of different electrocatalysts
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Fig. S14 The electrochemical impedance spectra of BP NSs, Ni-BP-3, Ni-BP-6, and Ni-BP-9
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Fig. S15 LSV curves of OER catalysts normalized by Ni loading on electrodes
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Fig. S16 CV curves for OER ECSA calculations of (a) BP NSs, (b) Ni-BP-3, (c) Ni-BP-6, (d)
Ni-BP-9. (e) The double layer capacitance of catalysts
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Fig. S17 ECSA-normalized LSV curves of OER catalysts
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Fig. S18 Bar plots of HER overpotentials at 10 mA c¢m of different electrocatalysts
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Fig. S20 CV curves for HER ECSA calculations of (a) BP NSs, (b) Ni-BP-3, (c) Ni-BP-6, (d)
Ni-BP-9. (e)The double layer capacitance of catalysts
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Fig. S22 (a) OER and (b) HER LSV curves of Ni-BP-6 in 1.0 M KOH (prepared by the 99.99%
KOH chemical); (c) SEM and (d-f) EDS elemental mapping images of Ni-BP-6 catalyst after
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Fig. S23 (a) The OER LSV curve before and after 1000 CV cycles. (b) The OER i-t curve of
Ni-BP-6 in 1.0 M KOH (prepared by the 99.99% KOH chemical)
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Fig. S25 DFT calculation models of the catalysts. (a) BP NSs. (b) Ni-BP-6. The brown and
blue atoms represent P and Ni, respectively
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Fig. S26 DOS of BP NSs
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Fig. S32 Optical contact angle measurements of (a) BP NSs, (b) Ni-BP-3, (c) Ni-BP-6, and
(d) Ni-BP-9
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Fig. S33 Theoretically profiles for the O-BP and O-Ni-BP-6 structures. (a) DFT calculation
models of O-BP (top) and O-Ni-BP-6 (bottom). (b) The band structure of O-BP. (¢) The band
structure of O-Ni-BP-6. (d) The DOS of O-BP. (e) The DOS of O-Ni-BP-6. (f) The OER
catalytic mechanism of O-Ni-BP-6. where M means the active centers of catalyst. (g) The free
energy diagram of the OER process on O-BP and O-Ni-BP-6 at U=0 V. (h) Hydrogen adsorption
Gibbs free energy of O-BP and O-Ni-BP-6. The insets from left to right show the O-BP and O-
Ni-BP-6 with the adsorption of hydrogen. (i) H>O adsorption model and energy of O-BP NSs
and O-Ni-BP-6. The insets from left to right show the O-BP NSs and O-Ni-BP-6 with the
adsorption of HO

Table S1 ICP-MS results for Ni and P contents in Ni-BP-3, Ni-BP-6, and Ni-BP-9

. Weight ratios:
Sample Ni (ng/mL) P (ng/mL) Mui: Mgep
Ni-BP-3 6.7 978.0 0.68 wt%
Ni-BP-6 14.8 967.3 1.5 wt%
Ni-BP-9 19.6 960.2 2.0 wt%
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Table S2 The XPS P 2p peak positions of BP NSs, Ni-BP-3, Ni-BP-6, Ni-BP-9, and Ni-BP-6-
after stability testing

Sample P-O peak (eV) P12 peak (eV) P32 peak (eV)
BP NSs 134.22 130.65 129.81
Ni-BP-3 133.65 130.23 129.38
Ni-BP-6 133.86 130.27 129.4
Ni-BP-9 133.59 130.25 129.4

Ni-BP-6-after

stability 133.43 130.95 130.1

Table S3 The XPS Ni 2p peaks of Ni-BP-3, Ni-BP-6, Ni-BP-9, and Ni-BP-6-after stability
testing

Niy peak (eV) Niz peak (eV)
Sample

Sat. N Ni2* Sat., Ni%* Ni2*
Ni-BP-3 878.9 ; 874.0 860.6 ; 856.3
Ni-BP-6 879.9 ; 874.7 861.6 ; 857.0
Ni-BP-9 879.0 ; 874.1 860.3 ; 856.3
Ni-BP-6-after 881.7 878.3 874.0 863.2 860.6 856.3
stability

Table S4 Curvefit parameters? for Ni K-edge EXAFS for the Ni-BP-6 catalyst
N RIA e
Ni-P 2 2.27 0.0042
Ni-Ni 3 2.46 0.0048

35,2 was fitting as 0.78 for Ni K-edge. The inner potential correction (4Eo) are -7.71 eV. The
number of variable parameters is 5, out of a total 7.4 independent data points.

These coordination were constrained as N(Ni-P) = 2 and N(Ni-Ni) = 3 based on the Ni-BP-6
structure of DFT calculation.

Table S5 P and Ni contents in the Ni-BP-6 and in the electrolyte after i-t test by ICP-MS

P in electrolyte 0.2963 g mL™! 100 mL 0.02963 mg
Ni in electrolyte 2.314 ng mL™! 100 mL 0.2314 g
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Table S6 Comparison of OWS catalytic performances and stability at 10 mA cm in 1.0
M KOH for Ni-BP-6INi-BP-6 with other reported OWS electrocatalysts

Current density (mA

Electrocatalysts ) Potential Stability (hour) Refs.
Ni-BP-6 10 1.605V 50 This

Pt/C||RuO, 10 1.621V 10 work
O-vac. NiC0,04 10 1.61V 50 [S9]

FeP 10 1.62V 28@20mA cm™ [S10]
BP@FeCoMOF 10 1.63V 10@1.70 V [SI11]
ZnCo,S4 10 1.66 V 20 [S12]
NiCoSe|S/BP 10 1.67V 10 [S13]
MoP@Nis;P 10 1.67V 45@1.65V [S14]
Co-Mo,C-CNx-2 10 1.68V 20w1.69 V [S15]
FeCo/Co,P 10 1.68 V ~11.1 [S16]
NiCoO2@NiCo 10 1.688 V 12 [S17]

Note: O-vancancy (O-vac.).

Table S7 Fe impurity content in different KOH chemicals by ICP-MS

Purity of 1 M KOH

95%
99.99%

Concentration
0.118 pg mL™?
0.029 g mL™?

Total content
11.8 g

29 1o

Electrolyte volume
100 mL
100 mL

Note: 5.6 g of KOH is required to configure 100 mL of 1 M KOH solution. According to Table
S7, Fe impurities account for 0.21% in 95% KOH and 0.052% in 99.99% KOH.

Table S8 The OER step enegies of BP NSs

E(Surf+*) (eV)

Energy correction (eV)

-OOH

Slab

-385.74509

-395.87023

-393.18567

-400.05989

-385.74509

0

0.2759

0.015934

0.297697

0

Table S9 The OER step enegies of Ni-BP-6

E(Surf+*) (eV)

Energy correction (eV)

-0

-OOH

Slab

-403.85336

-415.43564

-410.26542

-418.64374

-193.1032

0
0.275575
-0.016153
0.270674

0
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Table S10 The AGy- of catalysts

E(Surf+H" EH AGH=
Sample (e(V) ) E(Surf) (eV) (e(V)Z) (eVl;
BP NSs -383.375 -385.745 -6.8 1.27
Ni-BP-6 -400.346 -403.853 -6.8 0.13

Table S11 H>O molecule adsorption energy on the different surface

E(Surf+H,O")

Sample (eV) E(Surf) (eV) E(H20) (eV) AE (eV)
BP NSs -400.10009 -385.74509 -14.22 -0.135
Ni-BP-3 -409.37793 -394.87993 -14.22 -0.278
Ni-BP-6 -418.56836 -403.85336 -14.22 -0.495
Ni-BP-9 -424.25443 -409.68043 -14.22 -0.354
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