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Experimental Section

Materials and chemicals

Ammonium fluoride (NH4F, 96%), Sodium hypophosphite (NaH,PO,-H,0,
98%), Potassium hydroxide (KOH, 99%), acetone(C;H¢O), urea (CH4N,O, 98%),
concentrated hydrochloric acid (HCI, 35%) and ethanol (C,HO, 75%) was purchased
from Sigma-Aldrich Chemical Reagent Co Ltd. All used reagents were analytical
level (A.R.) and used without further purification. Ar (= 99.99%) was supplied by
Tian Jin Yongcheng Co Ltd. The nickel foam (NF) was purchased from Tian Jin
Saibo Co Ltd. Pure water with the resistance of 18.25 MQ-cm! was used throughout

all experiments.

Characterizations

A field emission scanning electron microscope (FESEM) (JSM-7610F) and a
transmission electron microscope (JEM-2100F) were utilized to observe the
morphology of the samples. The samples for the TEM tests were prepared by the
ultrasonication of the powdered samples in ethanol and the evaporation of one drop of
the suspension onto a carbon film supported on a mesh copper grid. X-ray diffraction
(XRD) patterns were obtained by a diffractometer (D8 Discover, AXS) equipped with
Cu-Ka radiation of 1.54 A. All samples were carefully scraped off the substrate for
XRD examination. The X-ray photoelectron spectroscopy (XPS) was undertaken on
PHI5300 with Mg Ka radiation. All the binding energy for the spectrum was
calibrated by C 1s spectrum at 284.8 eV. The in-situ Raman was performed on a Lab
RAM HR Evolution Raman microscope using a 532 nm laser with a 50xL. objective

lens, an acquisition time of 15-30 s and a reduced power of 20 mW.



Electrochemical Characterization

The electrocatalytic water splitting performance of the samples was evaluated using a
standard three-electrode system on a CH Instruments electrochemical workstation
(760E, CH Instruments, Shanghai, China), with the as-obtained sample (1 X1 cm?)
directly used as the working electrode. In the OER process, a platinum sheet and
Hg/HgO electrode served as the counter electrode (CE) and reference electrode (RE),
respectively, while a graphite counter electrode was used in HER. A 1.0 M KOH (pH
= 13.7) solution served as the electrolyte. All potentials were converted to a reversible
hydrogen electrode according to the Nernst equation.

Epye = Engmgo +0.059 X pH + 0.098 - iR (1)
The overpotentials (1) were obtained from:

HER: 1= Erng — 0 )

OER: 1= Egp = 1.23 3)
The scan rate for linear sweep voltammetry (LSV) was 2 mV-s™!. The Tafel slope
were calculated using the equation:

n=Dblg|jl +a (4)

where b and j represent the Tafel slope (mV-dec!) and current density (mA-cm2),
respectively. Electrochemical impedance spectroscopy (EIS) measurements were
carried out at the overpotential of 194 mV (vs. RHE) for HER, and the overpotential
of 476 mV (vs. RHE) for OER with a frequency range from 103 to 0.1 Hz and an
amplitude of 10 mV. UOR EIS was obtained at potential of 500 mV. (vs. Hg/HgO)

The long-term stability tests were performed by chronoamperometric electrolysis at



50 mA-cm2. All the measured polarization curves in this work were iR-corrected by
the equation (5):
E.,=E-iR, 5)

where E, was the iR-corrected potential, E was the measured potential (vs. RHE), i
was the current and R was the internal resistance (the resistance of the
electrolyte/contact between the reference and working electrode) derived from EIS
plot.

The electrochemical double-layer capacitance (Cgq) of OER, UOR was
determined in the potential range of 0.91 ~ 1.01 V vs. RHE according to the CV curve,
and HER was calculated in the non-Faradaic potential range of -0.16 ~ -0.06 V vs.

RHE according to the following equation.

c ="
v (6)

where Cy, j, and V are the double-layer capacitance (mF-cm™) of the active materials,
charging current (mA-cm2), and scan rate (mV-s'!), respectively.

The electrochemical active surface area (ECSA) was calculated using the

equation:

s (7

where C; is the specific capacitance of the electrocatalysts per unit area measured in
similar electrolytes. In this study, C, was taken as 0.040 mF-cm™2 on the basis of
previously reports. The two-electrode cell for overall water splitting was assembled

by employing the Ni,P-F3 as the anode and cathode. The two-electrode cell was



tested in the 1 M KOH or 1 M KOH with 0.33 M urea.

The onset potential of Ni,P-F3 in the HER is -50 mV. Ni,P-F3 had the lowest onset
potential of about 125 mV in the OER.

The turnover frequency (TOF) values were calculated as the number of oxygen

molecules evolved per active site per second based on the following equation:

J XA
4XFXm (8)

TOF =
The current density “J” (A-cm™) obtained at overpotential of 300 mV. The effective
surface geometric area “A” (1 cm?) of the working electrode, Faradaic efficiency “F”
(96485 s A mol"), and the number of moles “m” of the active metal on the electrode,
which is determined by the XPS results.
The number of moles (m) is calculated from XPS results: Ni,P (active metal is Ni):
atomic percentage: Ni 66.89 %, P 33.11 %.
Loading of Ni,P was about 2.69 mg-cm2. We set total mols of Ni, P as X, we could
get:
55.85 % 0.6689 X +31 X 0.3311 X=2.69 X 103
m=0.6689 X=3.63 X107 g
According to LSV curve, the current density is 0.01159 A-cm? when the
overpotential of 300 mV.
TOF =8.27 X 104s’!
To compare the intrinsic activity of catalysts, the turnover frequency (TOF) values

were calculated based on XPS data and LSV curves. The TOF of Ni,P-F3 is

5.16 X 1073 s’ at an overpotential of 300 mV, which is higher than that of Ni,P (8.27



X 10 s'1), indicating that Ni,P-F3 has excellent electrocatalytic properties.
Steady-state Tafel Polarization curves are evaluated by sampling current density at
360th second of chronoamperometry responses. The chronoamperometry
measurements are conducted with the interval of 10 mV (HER) and 20 mV (OER and
UOR).

Computational details

Density functional theory (DFT) calculations were performed using the Vienna Ab
Initio Simulation Package (VASP). Exchange-correlation energies were determined
by using the Perdew—Burke—Ernzerhof (PBE) model of generalized gradient
approximation (GGA). The k-points (Monkhorst-Pack method), energy cutoff, and
self-consistent field energy convergence was set to 4x4x1, 520 ¢V, and 1x 10° eV,
respectively. Then, frequency calculations of these structures were performed at the
same level. After this, vaspkit 1.3.0 was utilized to calculate Gibbs free energies of
these structures !. Besides that, density of states and band gap were also calculated at
the same level with the optimization process.

The oxygen evolution reactions in alkaline medium involves the four proton-transfer

steps: 23
"+0OH -OH" +e” (8)
OH*+0H_—>0*+H20+8_ 9)
0" +0H -»00H" +e~ (10)
OOH* + OH™ »0*+ H*0 + e" (11)

where the * represents the active site when OER occurred, and the OH*, O*, and



OOH* represent the intermediate species adsorbed on the active sites. For each step,
the reaction free energy (AGogr) is calculated by

AGogr = AE + AZPE-TAS (12)
where, AE, AZPE, and AS are the difference in total energy, zero-point energy, and
entropy between final and initial states, respectively, and T is the temperature at
298.15 K. Zero-point energies for the OER intermediates were obtained from the
vibrational frequencies after structural optimization and those of free gas-phase
molecules were obtained from thermodynamics database*. While for the intermediates
adsorbed on the surface, the entropy was set to zero since intermediates lose the
translational and rotational degrees of freedom upon adsorption, which had been
proved to be a good approximation in the previous theoretical reports’. The energies
of H,O and H; in the gas phase by DFT were used as references states because they
are well described within DFT ©. Since oxygen molecule has a complicated electronic
structure which cannot be described accurately by DFT, the free energy change of the

total reaction (H,O — 1/20, + H,) is fixed in this work to avoid the direct calculation

of O, molecule. The value for the total reaction is found to be 2.46 eV. Hence,
GO2 =492-2 EH2 + ZEHZO - (AZPE—TAS)ZHZO 50, + 2Hy 4 (13)

It is worth noting that the AG4 is calculated by 4.92 — AG3; — AG; — AG; to avoid

calculating the O, adsorption and desorption’.

The DFT calculations of HER were modeled in the same way as OER. The hydrogen-

metal interaction plays an essential role in HER occurred on the metal surface. A

typical descriptor of the rate of the overall reaction is the adsorption free energy of H



and expressed as follows equation:

The hydrogen adsorption free energy AGy- is calculated by

1
BGy.. = Esiay + 1~ Egta = En, + BZPE ~TAS "

where Egap+n and Eg,, represent the energy of total system with and without one
adsorbed H atom, respectively, and Ey, is the energy of H, gas molecules. AZPE and
AS are the difference in the zero-point energy and entropy between the adsorbed H
atom and the gaseous phase H,. According to the reports of Norskov et al, the value of
AZPE-TAS is approximately equal to 0.24 eV at T=300 K& Hence, AGy+ can be

calculated by

1
AGy, :Eslab+H_Eslab_§EH2+0'24 (15)
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Fig. S1 XRD pattern of (a) Ni,P and Ni,P-F3 (b) Ni,P-F1, Ni,P-F3, Ni,P-F5 and Ni,P-F7.

Fig. S2 SEM images of (a, €) Ni,P; (b, f) Ni,P-F1; (c, g) Ni,P-F5 and (d, h) Ni,P-F7 with different

magnifications
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Fig. S4 HER Cyclic Voltammetry curves of (a) Ni,P-F3, (b) Ni,P—F1, (c) Ni,P—F5 (d) Ni,P-F7

(e) Ni,P measured in the non-Faradaic potential range (-0.16 ~ -0.06 V vs. RHE) at scan rates of
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Fig. S3 Steady-state Tafel Plots of HER.
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Fig. S5 ECSA normalised LSV curves of HER.
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Fig. S6 Steady-state Tafel Plots of OER.
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Fig. S7 OER Cyclic Voltammetry curves of (a) Ni;P—F3, (b) Ni,P—F1, (c) Ni,P—F5 (d) Ni,P-F7
(e) NipP measured in the non-Faradaic potential range (0.91 ~ 1.01 V vs. RHE) at scan rates of 20,

40, 60, 80, 100 mV s!, respectively.
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Fig. S9 (a,b) SEM with different magnifications;(c) TEM and (d-d,) HRTEM image with different

magnifications of Ni,P-F3 after OER stability test.
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Fig. S10 XPS spectrum of Ni,P-F3 after OER stability test: (a) survey; (b-d) high resolution

spectra of Ni 2p, P 2p and F 1s, respectively.
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Fig. S11 Steady-state Tafel Plots of UOR.
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Fig. S12 UOR Cyclic Voltammetry curves of (a) Ni,P—F3, (b) Ni,P-F1, (c) Ni,P-F5 (d) Ni,P-F7

(e) Ni,P measured in the non-Faradaic potential range (0.91 ~ 1.01 V vs. RHE) at scan rates of 20,

40, 60, 80, 100 mV s, respectively.
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Fig. S13 ECSA normalised LSV curves of UOR
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Fig. S15 The crystal structure of (a) Ni,P and (b) Ni,P-F3.
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Fig. S17 Surface configurations of dissociating process of H,O and adsorption/desorption of

oxygen intermediate on Ni,P and Ni,P-F3



Table S1 F and P contents of the samples in Fig. 3 measured by XPS.

Atomic Percentage (at %) Atomic ratio

samples - . .
Ni P F Ni/P or Ni/(P+F)
Ni,P 66.89 33.11 / Ni/P=2.00
Ni,P-F3 64.45 26.47 9.08 Ni/(P+F) =1.81

Table S2 The HER performance of recently reported Ni-based electrocatalysts.

Catalyst Measurement (m AJcm'Z) (n:IV) ’{lfli;e,l;lzgf Ref.
elegrif}:j:lys . lﬁﬁ"ﬁg‘}l -10/-100  92/210 43.1 This work
N,F-GQDs 1?%";& 210 130 / 10
CoSx/NisS,@NF i foam 210 204 113.13 2
1.0 M KOH
NiFeSP/NF l_gﬁoégH .10 91 82.6 E
NiS/Ni-120 1.1\0“1\201?0](11{ -10 162 74 14
NiS/NiS, (jlfgb&ngé‘ﬁh -100 248 95.1 15
NiP/NF 1,1(\)%01231{ 210 102 90 16
ReS»-Fs o3 . OP&ngng 210 142 64 7
FNiPY NSy Bidoam 1100 182 83 18




Table S3 The OER performance of recently reported Ni-based electrocatalysts.

Catalyst Measurement (m AJcm'z) (n:’V) r(l;?]fél ;::;H; Ref.
F-Ni3S, 1?&";& 100 310 36 19
NP NS, B 100 370 92 18
NiP/NF o 100 360 78 16
NiS/Ni-90 1.1\0“1\201?0% 30 338 46 14
F-CoOOH/NF 1.(1)\1;\/1&1)\?;1)H 50 310 54 21
Nll\iIS(SIEIII)JZ(EN 1?&";& 100 360 126 9
20)
Fe-Ni-F-150 Lgi\/f"f{‘gl{ 100 370 79 2
NiS/NiS, Cﬁgbﬁlgg’ﬁh 100 416 38.8 15
NiSP-NF Ni foam 50 341 99 2

1.0 M KOH




Table S4 The UOR performance of recently reported Ni-based electrocatalysts.

J
Measuremen . n
Catalyst ¢ (mA;)cm (mV) Ref.
Ni foam
. . 1.0M 1.414/1.39 .
Ni,P-F3 / Ni,P-F3 KOH+033 M 100/50 5 This work
urea
Ni foam
. 1.0M 25
O-NiMoP KOH-05 M 100 1.41
urea
CA- Nll (t)‘olz\i/lm
. . . %
NisP4@NiOx/NF KOHL0.33 M 100 1.45
urea
powder
. . 1.0M 97
N-NiS/NiS, KOHL033 M 100 1.47
urea
Ni foam
. 1.0M about 28
NiFeCoLDH — popiossm 100 1.416
urea
carbon cloth
. 1.0M about 29
NiCo,54 NS kon+to3zm 100 1.546
urea
Ni foam
) 1.0M
0 30
Fell.1%Ni3S, KOHL0.33 M 100 1.438
urea
powder
. 1.0M 31
Ni (OH), KOML033 M 10 1.518
urea
Ni foam
V-FeNisN/Ni;N 1.OM 100 1.42 2

KOH+0.33 M
urea




Table SS The overall water splitting performance of recently reported Ni-based

electrocatalysts.
Measuremen J n
Catalyst ¢ (mA cm?) (mV) Ref.
Ni,P-F3 / Ni,P- Ni foam .
F3 1.0 M KOH 10 1.618 This work
NiP/NF / Ni foam 16
NiP/NF 1.0 M KOH 10 1.63
CoFe/NF / Ni foam 3
CoFe/NF 1.0 M KOH 10 1.64
MoP/ NF / Ni foam 34
MoP/ NF 1.0 M KOH 10 1.62
CO5M01V00
NSs@NF / Ni foam 10 1.68 35
CosMo, ¢P 1.0 M KOH ’
NSs@NF
CuSe/NF / Ni foam 10 1.68 16
CuSe/NF 1.0 M KOH ’
Nig 5Co¢5s/NC / Powder 10 1.75 17
Ni(),sCO()j/NC 1.0 M KOH )
NiFe/NF / Ni foam 18
NiFe/NF 1.0 M KOH 10 1.64
Pt@Co0304/NF / Ni foam 10 153 19
Pt@CO304/NF 1.0 M KOH ’




Table S6 The urea assisted overall water splitting performance of recently reported Ni-based

electrocatalysts.
Catalyst Measutremen (m AJcm'z) (n?V) Ref.
Ni foam
Ni,P-F3 / Ni,P-F3 1.0 M 10 1.458 This work
KOH+0.33 M
urea
NiFeCo LDH / NF Nll g"&m
/ NiFeCo LDH / KOH.L033 M 10 1.49 28
NF
urea
Ni foam
V-FeNizN/NisN / 1.0M 10 1.46 0
V-FeNi;N/NisN KOH+0.33 M )
urea
Ni foam
CoFe-250/ CoFe- 1.0M 40
250 KOH+0.33 M 10 147
urea
Ni foam
Ni@NCNT / 1.0M 10 1.56 41
Ni@NCNT KOH+0.33 M )
urea
Ni3Sz_H2|Ni3SZ_A Ni foam
r/ 1.0M 10 about 0
NizS,—HNizS,—A  KOH+0.33 M 1.48
r urea
CA- Ni foam
NisP4@NiOx/NF / 1.0M 10 152 %
CA- KOH+0.33 M )
NisP4@NiOx/NF urea
Ni foam
Ce-Ni,P/NF/ Ce- 1.0M 10 151 s
Ni,P/NF KOH+0.33 M )
urea
Ni foam
NiFeRh-LDH / 1.0M 10 1.455 44
NiFeRh-LDH KOH+0.33 M ’
urea
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