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1. Experimental section

1.1 Materials

All chemicals used were of analytical grade and used as received. Nickel nitrate hexahydrate
(Ni(NO;),'6H,0), Urea (NH,CONH,), ammonium fluoride (NH4F) and Sodium
hypophosphite monohydrate (NaH,PO,) are from Aladdin Chemistry Co Ltd. Nafion (5
wt%) is from Sigma-Aldrich Co. Ultrapure water (resistivity > 18.2 MQ cm™!) was used to
prepare the solutions.

1.2 Preparation of precursor and NiF,, Ni,P, NiF,/Ni,P

The precursor was synthesized by hydrothermal method. Ni(NO3),*6H,0, urea (molar ratio
1:5) and an appropriate amount of ammonium fluoride were added into 30 mL ultrapure
water under magnetic stirring to form a homogeneous solution. Then, the obtained solution
was transferred into a 50 mL Teflon-lined stainless steel autoclave and heated at 120 °C for
6 h. After cooling down to room temperature, the product was collected by centrifugation
and washed with deionized water several times. Finally, it was dried at 60 °C in a vacuum
oven for further use.

The as-prepared precursor and ammonium fluoride were loaded into a ceramic boat with a
molar ratio of 1:20. The ammonium fluoride was placed at the upstream of the ceramic boat.
Then, it was calcined at 350 °C for 2 h under N, protection. After cooling to room
temperature, NiF, was achieved by centrifugation and drying in a vacuum oven overnight.

The chemical reaction can be express as follows for the NiF, synthesis[1].

0

1
Ni#* + 4NH,F - (NH,),NiF,+ 2NH," 1

A
(NH),NiF,  — NHNiF;+ NHST+HE o)

350°C
NH,NiF; — NiF,+ NH,! + HF 3)

The as-prepared precursor and sodium hypophosphite monohydrate were loaded into a
ceramic boat with a molar ratio of 1:5 and the sodium hypophosphite monohydrate was
placed at the upstream of the ceramic boat. Then, it was calcined at 300 °C for 2 h under N,

protection. After cooling to room temperature, Ni,P was obtained by centrifugation and
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drying in a vacuum oven overnight. The relevant chemical reaction can be denoted as below

for the Ni,P fabrication(?.

200°C

2NaH,PO, — 2Na* + HPO,*~ + PH,! 0
24 300°C ) N
16Ni** + 9PH, + 4H,0 — 8Ni,P + HPO,*” +34H 2

Typically, NiF, and sodium hypophosphite monohydrate were put into a quartz boat with a
molar ratio of 1:5 and calcined at 300 °C for 2 h under N, protection in a tube furnace. After
cooling to room temperature, NiF,/Ni,P was obtained by centrifugation and drying in the
vacuum oven for use.

1.3 Physical characterization

Powder X-ray diffraction (XRD) patterns were tested 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~!. The morphology and microstructure of NiF,/Ni,P
were analyzed by scanning electron microscopy (FESEM, Hitachi, S-4800 II, Japan). All
transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
measurements were conducted on a TECNAI G2 operating at 200 kV. The energy dispersive
X-ray detector spectrum (EDX) images were obtained on a TECNAI G2 transmission
electron microscope equipped with an EDXA detector. All X-Ray photoelectron
spectroscopy (XPS) measurements were carried out on a Kratos XSAM-800 spectrometer
with an Al Ka radiation source. The gas products of NiF,/Ni,P during oxygen evolution
reaction and urea oxidation reaction were probed by gas chromatography (GC, Kechuang,
GC9800) equipped with a thermal conductivity detector (TCD), using a packed TDXO01 (1m)
and molecular sieve 5A column (1.5 m). The carrier gas for TCD is Ar (purity>99.999%,),
and the detection limit is ca. 50 ppm. The GC calibration curves were generated by running
various concentration of the H,, O,, N, using Ar and then response peak area was plotted
against the concentration.

1.4 Electrochemical measurements

The working electrode is prepared as follows. 4 mg as-prepared catalyst and 1 mg carbon
were dispersed entirely into the mixture of 950 pL ethanol and 50 puL Nafion (5 wt %).
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After sonicated for 30 min to make a homogeneous solution, 10 pL ink was dropped into the
surface of the glass carbon electrode. The electrolyte (1M KOH with and without 0.33 M
urea) were saturated by N, atmosphere before use. The catalyst of NiF,, Ni,P and NiF,/Ni,P
were comparatively studied. The catalyst ink of NiF,/Ni,P without carbon was also prepared
with the same approach and studied for relevant electrochemical measurements for
comparison.

All the electrochemical measurements were tested in a typical three-electrode system linked
to a Bio-Logic SAS analyzer (France). The NiF,/Ni,P electrode was served as the working
electrode with a graphite rod as the counter electrode; a saturated calomel electrode (SCE)
as the reference electrode was employed through a double salt-bridge and luggin capillary
connected to the working electrode and it was calibrated before and after the experiments.
The working electrode used was a glassy carbon electrode (3.0 mm diameter). All the
potentials used were converted into RHE. (E(RHE) = E(SCE) +0.0591*pH+0.24V)

The catalytic performance of the three samples for OER and UOR were evaluated by cyclic
voltammetry (CV) at a scan rate of 5 mV/s. Electrochemical impedance spectroscopy (EIS)
which was recorded in the above three-electrode cell with the frequency varies from 1000
kHz to 10 mHz. Chronoamperometry of OER was tested in 1.53V vs RHE and UOR was

tested in 1.38V vs RHE. All tests were measured at room temperature (about 25°C).

1.5 Overall water splitting and urea electrolysis

Overall water splitting and urea electrolysis tests were measured in a two-electrode system
with the different catalysts as an anode and commercial Pt/C as a cathode. The CV curves
were tested in the absence and presence of 0.33M urea in 1M KOH at a scan rate of 5 mV/s
with the potential scan range from 1.0 to 1.8 V. The long-term durability of the NiF,/Ni,P
electrode was assessed at constant voltage (1.6V) electrolysis. All data for the two electrode

tests were recorded without iR correction .

1.6 Turnover frequency (TOF) calculation

The TOF values were calculated from the following equation:
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TOF=(jB A)/(4BF@Zn)
j is the current density at overpotential. A is the surface area of the electrode. F is the Faraday
constant (96485 C mol!), n is the number of moles of active materials that are deposited
onto the electrode. The active sites number actually is not easy to obtain, a simple method
generally employed by assuming all metal cation as an “active site” was also used here and
it was estimated by the number of moles of active materials that are deposited onto the
electrode.[3, 4]

j % 0.07cm? x 0.001

TOF =
0.04mg x 0.001 x Myi/M, .,
4 X 96485 x
MNL'
Jiy= 350 my X 0.07cm? X 0.001 .
TOF iy nizp = =0.02S"
NiF2/Ni2p 0.04mg x 0.001 x 59/119
4 X 96485 x
59

J = 350 my X 0.07cm? X 0.001

TOF y1op = =0.008 51
0.04mg x 0.001 x 59/149
4 X 96485 x
59

Ji = 350 my X 0.07cm? X 0.001

TOF ypy = =0.0025"1
0.04mg x 0.001 x 59/97
4 X 96485 x
59
Nactive sites number — Tt X NA
0.04mg x 0.001 x 59/119 17

Nyir2/nizp = -5 X N, =2.02x10

0.04mg x 0.001 x 59/97

17
NiF2 = - X N, =248 x 10

0.04mg x 0.001 x 59/149
Ni2P = 59

x N, =1.62x10"

1.7 Faradaic efficiency calculation for OER

A gas-tight electrochemical cell coupling with a gas sensor to evaluate the gas produced was
used to probe the faradaic yield of NiF,/Ni,P. The working electrode was prepared by drop-
casting catalyst suspension on the glassy carbon electrode with the surface area of 0.07 cm?.
A constant potential (1.53 V vs. RHE) was applied on the electrode and the volume of the
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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[5].

. . experimental Vexperimental
Faradaic yield = = 1 0
theoretical ZxZx Vm
4 F

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,, V,, is the molar volume of gas (24.5 L

mol-!, 298 K, 101 KPa).
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Figure S1a. XRD pattern of the precursor.
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Figure S1b. XPS survey spectra for NiF,, Ni,P and NiF,/Ni,P.
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Figure S2. XPS spectra of C 1s for NiF,, Ni,P and NiF,/Ni,P.
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Figure S3a. SEM images of NiF, (a) and Ni,P catalysts (b).
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100 nm

Figure S3b. TEM images (a-c) and HRTEM image of NiF,/Ni,P (d).
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Figure S3c. HRTEM image of NiF,/Ni,P.
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Figure S4a. Polarization curves of NiF,/Ni,P with and without carbon and pure carbon in 1 M KOH

electrolyte at 5 mV/s.
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CPE PE,

Figure S4b. Equivalent circuit diagram for fitting the EIS data.

R; means uncompensated solution resistance, Ry is a charge transfer resistance, R, is
associated to the contact resistance between the catalysts and 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.
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Figure S5. Cyclic voltammetry (CV) curves of NiF, (a), Ni,P (b) and NiF,/Ni,P (c) with various
scan rates (1050 mV/s) in the 0.83 to 1.03 V vs RHE region.

The ECSA was calculated by measuring the capacitive current associated with double-layer
charging from the cyclic voltammetry (CV) curves at different scan rates. A linear slope is
obtained from the plot of the differences in the charging current density (J.-J.) at 0.93 V (vs.
RHE) against the scan rate.

Calculation of electrochemical active surface area (ECSA):

c
Ecsa=_%
CS

where the specific capacitance value was 40 uF cm2[6].

0.568 mF cm ™2 x 0.07cm?
0.04 mF cm ™2

ECSAypy = =0.994cm?

0.311 mF cm™? X 0.07cm?
0.04 mF cm ™2

ECSAy,p = = 0.544cm?
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0.692 mF cm ™2 x 0.07cm? )
ECSAyipy ninp = =1.211cm

0.04 mF cm ™2

Roughness Factor (RF) [1:

Electrochemical surface area (ECSA)

Roughness Factor (RF) = -
Geometrical surface area (GSA)
0.994cm?
RF iy = =14.2
0.07cm®
RF 0 544cm? .
Ni2Pp = =
l 0.07cm?
1.211cm?
RENip2 Nizp = > 7.3
0.07cm
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Figure S6. The turnover frequency curve for NiF,, Ni,P and NiF,/Ni,P.
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Figure S7. Faradaic efficiency of NiF,/Ni,P. The amount of O, produced during the electrolysis
matches well with the theoretic amount of O, generated assuming four electrons transferred for one

oxygen indicating a nearly 100% current efficiency.
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Figure S8. Purity of the gas obtained from water splitting measured by gas chromatography

spectrum (a). Calibration curves for H, (b) and O, (c).
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Figure S9. CV curves of NiF; (a) and Ni;P (b) in 1.0 M KOH with 0.33M urea at different scan

rates from 1 to 10 mV/s. Variation of urea oxidation peak current density values at different catalysts

with the square root of scan rate. (c)
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Figure S10. Effect of urea concentrations on the electrocatalytic oxidation of urea at NiF,/Ni,P
electrode in IM KOH at a scan rate of 10 mV/s, the concentration of urea used was (1) 0.01 M, (2)
0.05 M, (3) 0.1 M, (4) 0.33 M, (5) 0.66M.(a) Effect of KOH concentrations on the electrocatalytic
oxidation of urea at NiF,/Ni,P electrode in 0.33 M urea at a scan rate of 10 mV/s, the concentration
of KOH used was (1) 0.1 M, (2) 0.5 M, 3) 1 M, (4) 2 M.(b)

The reaction kinetics for urea oxidation was relevant to the concentration of urea and OH-. The
elJect of urea concentration from 0.01 to 0.66 M in 1M KOH electrolyte was investigated for urea
oxidation. As can be seen, increasing the concentration of urea gave rise to larger activity until
concentrations of 0.33 M. The activity was not improved further by increasing the concentration
from 0.33 to 0.66 M. The urea oxidation peak was clearly observed due to the insufficient urea
(from 0.01 to 0.1 M) available for the reaction, thus a broad oxidation peak was found in the forward
scan direction and no such high oxidation current was found in the backward scan direction.
Sufficient urea was available for the active sites by increasing urea concentration to 0.33M, a similar
oxidation current was obtained for the forward and backward scan direction. When the urea
concentration reached 0.66 M, the local surface coverage of the Ni catalyst by excess urea and
reaction products will restrict the contact with OH- as the OH- is required for the formation of
NiOOH, the active catalyst for UOR. Thus the performance was reduced. Similar case was found
on the effect of KOH concentrations. The performance of urea oxidation was increased by
increasing the KOH concentration and it can be attributed to the increased ion conductivity and
NiOOH active sites for the reaction. By increasing the KOH concentration, more active sites of
NiOOH can be formed, the improved catalytic performance like higher oxidation current and

reduced onset potential was found.[8, 9]
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Figure S11a. Purity of gas obtained from urea oxidation measured by gas chromatography spectrum
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Figure S11b. Current contribution form urea in the two-electrode water splitting system of
Pt/C||NiF,/Ni,P electrode in 1M KOH with 0.33 M urea, it was plotted by (1-current obtained from

KOH/ current obtained in 1M KOH with 0.33 M urea).

S23



1

O NiP(111)

Figure S11c. HRTEM image of NiF,/Ni,P after stability test.
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Table S1. The binding energy of Ni 2p components for all samples.

Binding energy/eV
Catalysts

Ni 2pys satellite ~ Ni 2psp satellite
NiF, 875.6 863.4 857.6 881.3
Ni,P 870.1 874.7 862.5 852.9 856.7 880.8
NiF,/Ni,P 870.1 875.6 863.2 852.9 857.6 881.3
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Table S2. OER performance comparison of NiF,/Ni,P and some Ni-Based electrocatalysts.

Overpotential
Catalysts electrolytes Electrode substrate at 10 mA cm?  Reference
(mV)

NiF,/Ni,P 1 M KOH glassy carbon 283 This work
Ni(OH), 1 M KOH glassy carbon 299 [10]
NiCo,04 0.1 M KOH glassy carbon 340 [11]

NiS 1 M KOH glassy carbon 320 [12]
NizN/NC 1.0 M KOH glassy carbon 310 [13]
NisTe, 1 M KOH glassy carbon 315 [14]
NisSe, 0.3 M KOH glassy carbon 290 [15]
Co-Ni-B 1 M KOH glassy carbon 330 [16]
Ni,P 1.0 M KOH glassy carbon 359 [17]
Au/Ni,Ps 1.0 M KOH glassy carbon 340 [18]
Ni@Pt 1 M KOH glassy carbon 290 [19]
NiO/CNT 1.0 M KOH glassy carbon 315 [20]
Se-NiMn LDH 1.0 M KOH glassy carbon 280 [21]
NiFe LDH/C 0.1 M KOH glassy carbon 360 [22]
NiFe LDH-NO; 0.1 M KOH glassy carbon 275 [23]
NiFe LDH 1.0 M KOH glassy carbon 300 [24]
NisyFe oxide 1 M KOH glassy carbon 370 [25]
NiFe,0y4 0.1 M KOH glassy carbon 440 [26]
NiCo0,04/NiO 1 M NaOH glassy carbon 360 [27]
NiFe LDH-MoO4* 1 M KOH glassy carbon 280 [28]
NiFe@C 1 M KOH glassy carbon 281 [29]
NiFe/C 0.1 M KOH glassy carbon 240 [30]
Ni-Fe oxide 0.1 M KOH glassy carbon 328 [31]
Nig 62Feo35P 1 M KOH glassy carbon 290 [32]
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NiCoFeP
NizCOS4
Ni—Co sulfide

NiFeB

1 M KOH

1 M KOH

1 M KOH

1 M KOH

glassy carbon
glassy carbon
glassy carbon

glassy carbon

273

290

322

251

[33]
[34]
[35]

[36]

S27



Table S3. EIS fitting parameters form equivalent circuits for all samples in 1M KOH.

Catalysts R/Q CPE/S s™ CPE/S s™ n/0<n<l1 R/Q R,/Q

NiF, 9.25 1.009E-004 1.152E-003  0.97 6.117E+002 1.620E+002
Ni,P 8.24 6.950E-006 2.179E-005  0.80 3.920E+002  5.790E+001
NiF,/Ni,P 8.95 5.306E-006 7.748E-003  0.66 6.200E+001 9.477E+000
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Table S4. Urea oxidation performance comparison of NiF,/Ni,P and some Ni-based materials.

Catalysts Electrolytes Onset potential (  Current density at Reference
vs RHE) 1.5V (mA c¢cm?)
NiF, IM KOH+0.33M Urea 1.37V 20 this work
Ni,P IM KOH+0.33M Urea 133V 86 this work
NiF,/Ni,P IM KOH+0.33M Urea 1.31V 128 this work
NF@NiO IM KOH+0.33M Urea  1.33V 70 [37]
Ni-P IM KOH+0.33M Urea  1.37V 60 [38]
Ni(OH),/C IM KOH+0.33M Urea  1.35V 40 [39]
Ni/C IM KOH+0.33M Urea  1.33V 30 [40]
B Ni(OH), IM KOH+0.33M Urea  1.37V 2 [41]
Ni-WC/MWCNT IM KOH+0.33M Urea  1.38V 10 [42]
Ni/Sn-dendrites IM KOH+0.33M Urea  1.33V 30 [43]
Ni-MOF IM KOH+0.33M Urea  1.35V 75 [44]
NiO/Gr-200 0.SMNaOH+0.3M Urea 1.42V 15 [45]
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Table S5. EIS fitting parameters form equivalent circuits for all samples in 1M KOH and 0.33M

urea.

Catalysts Ry/Q CPE/S s™ CPE/S s™ n/0<n<l R/Q R/Q

NiF, 8.71 9.265E-005 3.385E-002  0.86 1.940E+003 1.000E+001
Ni,P 6.95 5.103E-005 1.043E-004  0.88 1.542E+003 1.900E+001
NiF,/Ni,P 7.21 6.712E-005 2.604E-004  0.89 1.092E+003 2.364E+000
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Table S6. Comparison of current density for three catalysts at 1.6 V vs RHE in 1M KOH with and

without 0.33M Urea.
Catalysts Electrolyte Current density(mA cm)
NiF, 0.42
Ni,P KOH 3.90
NiF,/Ni,P 10.2
NiF, 1.66
Ni,P KOH + Urea 24.1
NiF,/Ni,P 56.8
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Table S7. Elemental composition of NiF,/Ni,P after durability test analyzed by XPS.

NiF,/Ni,P Atomic composition (%)

element Ni F P O
Before test 19.73 16.07 15.14 49.06
After test 11.96 NA NA 88.04
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