Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2024

Supporting Information

Built-in electrophilic/nucleophilic domain of nitrogen-doped
carbon nanofiber confined Ni,P/Ni;N nanoparticles for efficient

urea-containing water splitting reaction

Jiaxin Li*®, Chun Yin®¢, Shuli Wang®, Baogang Zhang®* and Ligang Feng®*

a. Faculty of Materials Science and Engineering, Kunming University of Science and Technology,
Kunming 650093, China Email: fenglgl 1(@gmail.com (L Feng).

b. School of Water Resources and Environment, MOE Key Laboratory of Groundwater
Circulation and Environmental Evolution, China University of Geosciences (Beijing), Beijing,
100083, P.R. China. Email: baogangzhang@cugb.edu.cn.

c. School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou 225002, P.R.

China.

S1



Experiments:
1. Materials and chemicals

N, N-dimethylformamide (DMF), nickel (II) acetate tetrahydrate (Ni(Ac),-4H,0), sodium
hypophosphite (NaH,PO,), urea (CH4N,0), and potassium hydroxide (KOH) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Polyacrylonitrile (PAN, Mw=150000) and 5
wt.% Nafion ionomers were obtained from Sigma-Aldrich. Ethanol absolute (C,H¢O) was bought
from Beijing Chemical Works. Ultrapure water (18.2 MQ, Thermo Fisher Scientific Co., LTD,
USA) was used throughout all experiments.

2. Synthetic procedures
2.1 Synthesis of Ni-embedded N-doped carbon nanofiber

0.5 g PAN and 3 mmol Ni(Ac),4H,0 were dissolved in 6 mL DMF solvent and magnetically
stirred for 12 hours. Afterwards, the obtained solution was transferred into a 10 mL syringe equipped
with a 22-gauge stainless-steel needle. The prepared precursor solution was subsequently
electrospun under a high voltage of 16 kV at a feeding rate of 0.012 mL min™'. A grounded stainless
steel flat plate covered with smooth aluminium foil paper was used as a collector, the distance
between the injector nozzle and the receiver was 15 cm. The obtained nanofiber membrane was first
pre-oxidized in a muffle furnace at 230 °C for 2 h (heating rate: 1 °C min'!). Then it was further
heated in a tube furnace at 800 °C in N, for 2 h (heating rate: 2 °C min!) to realize the organic
carbonization and metal salt decomposition. Finally, Ni embedded N-doped carbon nanofiber
(Ni/NCNF) was obtained.

2.2. Synthesis of Ni;N, Ni,P and Ni,P/Niz;N embedded N-doped carbon nanofiber

20 mg of Ni/NCNF was placed in a porcelain boat and calcinated in a tube furnace at 400 °C
for 4 h in NH; atmosphere (heating rate: 2 °C min!). After cooling down to room temperature, the
solid mixture was washed with ultrapure water and dried in a vacuum oven at 60 °C for 10 h. The
obtained product was abbreviated as Ni;N/NCNF.

20 mg of Ni/NCNF and 200 mg of NaH,PO, were fully mixed and placed in the middle of a
porcelain boat. The phosphorization process was performed in a tube furnace at 350 °C for2 hin a
nitrogen atmosphere (heating rate: 2 °C min!). Once cooled, the solid mixture was washed with
ultrapure water and dried in a vacuum oven at 60 °C for 10 h. The obtained product was abbreviated

as Ni,P/NCNF.
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20 mg NizN/NCNF and 200 mg NaH,PO, were separately placed at both ends of a porcelain
boat with NaH,PO, powder at the upstream side. Then, the phosphorization, washing, and drying
processes were the same as the above steps. The finally obtained product was designated as

Ni,P/Ni;N/NCNF.

3. Physical Characterizations

The crystal structures of products were detected by Powder X-ray diffraction (XRD, Bruker
D8 advance) patterns using Cu Ko (A = 1.5405 A) radiation source operating at 40 kV and 40 mA
at a scanning rate of 5° min'!. The crystal structures of the composite were verified and refined
through the Reitveld method using general structure analysis system-II (GSAS-II) software. The
background of the XRD pattern was simulated using the function of "Chebyschev-1" with 15
coefficients. The peak profile was modeled by the variation of the pseudo-Voigt function. The
morphologies and structural characterizations were investigated by scan electron microscopy (SEM,
FEI Sirion-200). Transmission electron microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM), high-annular dark-field scanning transmission electron microscopy (STEM)
and element mapping analysis were conducted on FEI TECNAI G2 electron microscope operating
at 200 kV. The energy-dispersive X-ray (EDX) analysis was performed on KEVEX X-ray energy
detector. X-Ray photoelectron spectroscopy (XPS) measurements were carried out on Thermo
Scientific ESCALAB 250Xi (USA) with an Al Ka radiation source. A water contact angle was
obtained by a drop shape analyzer (POWEREACH JC2000D3). The digital photographs of water

droplets on surfaces were obtained by a digital camera.

4. Electrochemical measurements

The data was acquired by the Gamry framework system and fitted through the Echem Analyst
software package. The working electrode was prepared as follows: 5 mg of the as-prepared catalysts
were dispersed entirely into the mixture of 950 pL ethanol and 50 pL Nafion (5 wt%), after
sonication for 30 min to make a homogeneous ink, 10 pL of the catalyst ink was pipetted and
dropped onto the pre-cleaned glassy carbon electrode with a geometric surface area of 0.07 cm? and
dried at room temperature. A graphite rod and a Hg/HgO electrode were employed as counter and
reference electrodes, respectively. The accuracy of the reference electrode was carefully checked
before and after the tests to ensure precise measurements. All the potentials were converted and
referred to a reversible hydrogen electrode (RHE) unless otherwise noted. The current was reported
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by normalizing the current to the geometric surface area of the electrode unless otherwise noted.

The UOR and OER measurements were tested in a typical three-electrode system. The catalytic
performance was evaluated by cyclic voltammetry (CV) and linear scan voltammetry (LSV). The
catalytic performance of samples for OER was evaluated by linear sweep voltammograms (LSV) at
a scan rate of 5 mV s*! with the potential range from 1.1 Vto 1.7 V vs. RHE in 1 M KOH electrolyte.
The catalytic performance of the catalysts for UOR was examined by cyclic voltammetry (CV) with
the potential from 1.04 V to 1.54 V vs. RHE at different scan rates of 1, 2, 5, and 10 mV s'in 1 M
KOH with and without 0.33 M urea solution.

The Tafel slope was calculated from the following equation: = a + b log (j), b = 2.3*RT/oF,
where # is the overpotential (mV), a represents the intercept, j stands for the current density and b
defines the Tafel slope. R, T, o, F refer to gas constant, temperature, charge transfer coefficient, and
Faraday constant, respectively. a can reflect the intrinsic property of electron transfer; the larger the
value, the better the electrochemical dynamics.!

The electrochemical impedance spectroscopy (EIS) was recorded in the above three-electrode
cell at the frequency ranging from 1000 kHz to 10 mHz with 12 points per decade. The sinus
amplitude potential signal was 5 mV. The obtained curves were analyzed and fitted by ZsimpWin
computer program.

The chronoamperometry (CA) of UOR and OER was tested at 1.40 and 1.52 V vs RHE,
respectively.

The electrochemical surface area (ECSA) was calculated by using the charge required to reduce
NiOOH to Ni(OH), in the backward scan of CV curves in KOH solution according to the formula
2 3: ECSA=Q/0.257*m, in which the charge (Q) represented the cathodic reduction peak of
Ni3*/Ni**. The Q=peak area (S)/scan rate (v), where S was estimated via integrating the area of the
reduction peak of the CV diagram. The 0.257 mC cm is the charge required to form a monolayer
of Ni?*, and m is the loading amount of the catalyst. The intrinsic activity of all the catalysts was
revealed by normalizing the current to the ESA to evaluate the catalytic efficiency of the active sites.
In addition, the ECSA was also calculated via the double layer capacitance (C4) by measuring CV
curves at various scan rates (10, 20, 40, 60, 80, 100 mV s!) in a non-Faradaic region. The ECSA
can be calculated through the following equation, ECSA=C,/C;, where C; is the specific capacitance

for a smooth and plain electrode (0.04 mF cm?) 4.
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The Faradaic efficiency of OER was obtained in a gas-tight electrochemical cell coupling with
a gas burette. The working electrode was prepared by drop-casting catalyst suspension on the glassy
carbon electrode with a surface area of 0.07 cm?. The potential needed for achieving the benchmark
current density of 10 mA cm was applied to the electrode and the volume of the 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 3.

. X Vexperimental Vexperimental
Faradaic yield = = "
theoretical xx 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,, the number 1 means 1 mole O,, V,, is molar volume
of gas (24.5 L mol!, 298 K, 101 KPa).

The Faradaic efficiency of UOR was obtained by measuring the electron numbers consumed

by N, via the following equation.
6xnxF
FE(%) = T x 100%

Where 6 is the electron transfer number in UOR, n is the amount of N, produced (mol), F is the

Faraday constant (96485 C mol!), and Q is the total charge passed (C).

0.95 x 0.001
X ————— x 96485
22.4

FE(%) = x 100% = 95.07%
102.48 x 3600 x 0.07 * 0.001

The TOF values for UOR were calculated from the following equation:

where J is the current density (A m2), A is the surface area of the electrode (m?), F is the Faraday

constant (96485.3 C mol!), x is the number of moles of active materials that are deposited onto the

electrode.
0.001 x 151.11 x 0.07 1
TOFy; pnin = =0.026s
273 0.001 x 0.05 x 79.8% 0.001 x 0.05 x 20.2%
96485.3 x 6 x ( x 2+ x 3)
149 191
0.001 x 82.57 x 0.07 1
TOF; p = =0.015s
2 59 x2
0.001 x 0.05 x
149
96485.3 x 6 x ( )
59
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0.001 x 50.66 x 0.07 1

TOF,,. \ = =0.008 s
Ni;N 59 x 3
0.001 x 0.05 x
149
96485.3 x 6 x ( )
59
0.001 x 35.48 x 0.07 ,
TOFy; = 5 0.005 s
0.001 x 0.05 x —
59
96485.3 X 6 X (—————— )
59

Overall water splitting and urea electrolysis tests were measured in a two-electrode system with
the Ni,P/Ni;N/NCNF catalyst as anode and commercial Pt/C catalyst as cathode. The CV curves
were tested in the absence and presence of 0.33 M urea in 1 M KOH at a scan rate of 5 mV s! with
the potential range from 1.0 to 1.8 V. The CA test of overall water splitting and urea electrolysis

were all conducted at 1.6 V for 10 h.

5. Calculation method

We have employed the VASP © 7 to perform all the density functional theory (DFT)
calculations within the generalized gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) formulation 8. We have chosen the projected augmented wave (PAW) potentials
to describe the ionic cores °. Take valence electrons into account using a plane wave basis set with
a kinetic energy cutoff of 450 eV. Partial occupancies of the Kohn-Sham orbitals were allowed
using the Gaussian smearing method and a width of 0.05 eV. The electronic energy was considered
self-consistent when the energy change was smaller than 10 eV. A geometry optimization was
considered convergent when the energy change was smaller than 0.05 eV/A. The Brillourin zone
was sampled with a gamma-centered grid 4x2x1 for all processes '°.

We construct a NizN (110) surface model (model 1) with p (2x2) periodicity in the x and y
directions and 3 stoichiometric layers in the z direction separated by a vacuum layer in the depth of
16 A to separate the surface slab from its periodic duplicates. Model 1 comprises 72 Ni and 24 N
atoms. During structural optimizations, a 4x2x1 k-point grid in the Brillouin zone was used for k-
point sampling, and the bottom stoichiometric layer was fixed while the top one was allowed to
relax.

We then use it to construct a Ni,P (210) surface model (model 2) with p (2x1) periodicity in
the x and y directions and 4 stoichiometric layers in the z direction separated by a vacuum layer in

the depth of 16 A to separate the surface slab from its periodic duplicates. Model 2 comprises 48 Ni
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and 24 P atoms. During structural optimizations, a 4x2x1 k-point grid in the Brillouin zone was
used for k-point sampling, and the bottom stoichiometric layer was fixed while the top one was
allowed to relax.

In model 3, a Ni3N (110) and Ni,P (210) surface were built heterojunction; During structural
optimizations, a 4x2x1 k-point grid in the Brillouin zone was used for k-point sampling, and the

bottom stoichiometric layer was fixed while the rest of all atoms were allowed to relax.
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Fig. S2. SEM images of Ni/NCNF at different magnification.
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Fig. S3. SEM images of NizN/NCNF at different magnification
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Fig. S4. SEM images of Ni,P/NCNF at different magnification.
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Fig. S5. SEM images of Ni,P/Ni;N/NCNF at different magnification.
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Fig. S6. HRTEM images of Ni,P/Ni;N/NCNF.
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Fig. S8. The equivalent circuit used in EIS fitting for OER.

R; is a sign of the uncompensated solution resistance, CPE is a constant phase element, R, reflects

the charge-transfer resistance.
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Fig. S10. CV curves in 1 M KOH solution with 0.33 M urea at different scan rates of 1, 2, 5, and 10

mV s for (a) Ni,P/NisN/NCNF, (b) Ni,P/NCNF, (c) Ni;N/NCNF, and (d) Ni/NCNF.

S17



180

I { = NI/NCNF

£ 1604 « NiN/NCNF

(P} 1 v
1404 2 NiZP/NCNF

E 1 v Ni,P/Ni,;NNCNF y=33.43x+46.19

= 1204 2 -

Z Fitting line

‘Z 1004

g5 | > y=17.63x+29.16

= 80- a

g 17 s

S 60 R y=12.72x+10.73

R 1 i F)

6 40 _ = a
204 ¢ = B y=7.65x+11.76

1.0 1.5 2.0 25 3.0 35

12 -1\12
Scan rate /(mV s

Fig. S11. The plot of peak current density vs. the square root of scan rate for all the samples.

S18



AN CPE

C
A |
1
R, R,

Fig. S12. The equivalent circuit used in EIS fitting for UOR.
R; is a sign of the uncompensated solution resistance, CPE is a constant phase element, R, reflects

the charge-transfer resistance, C and R, represent the pseudocapacitance and the resistance of the

reconstruction of the surface of the catalysts.

S19



15-
- —— Ni/NCNF
'g —— Ni, 'NCNF
S 10{ ——Ni,PINCNF
E —— Ni,P/Ni,N/NCNF
S~~~

54
2
5
= 01
g
= -5+
o
=
@)

-104

0 11 12 13 14 15 16

Potential/V(vs. RHE)

Fig. S13. Cyclic voltammetry curves measured in 1 M KOH at a scan rate of 10 mV s™! for all
samples.

S20



0.06 0.06
@ —10mvs’ 20mVs' ——40mV's’ o) —10mVs' =——20mVs' ——40mVs’
——60mVs” 80mVs’ 100 mV's® e G0 MV " =80 mV s =100 mV s’
0.044 0.04
é 0,02 g 0.02-
=
i S 0.00-
D 0.004 -
: 3
= -0.021
© .02
-0.044 )
-0.044 Ni/NCNF N13N/NCNF
T T T T T T '0-‘\}6 T T T T T L]
0.74 0.76 0.78 0.80 0.82 0.84 0.74 0.76 0.78 0.80 0.82 0.84
Potential/V (vs. RHE) Potential/V (vs. RHE)
(c) 008 I— — P @ 0.084 —10mVs' —20mVs' ——40mv's’
0.06- Omvs' S0mys" 100mV s’ 0.06 ——60mVs' =——80mVs' =100 mVs”
0.04 4 0.044
é 0.024 E 0.02.
2 000 S 0.001
2 g "
5 -0.02 5 -0.02-
@] @]
-0.04 -0.044
-0.061 Ni,P/NCNF -0.061 Ni,P/Ni, N/NCNF
'0-08 T T T T T T ‘0~08 T T T T T T
0.74 0.76 0.78 0.80 0.82 0.84 0.74 0.76 0.78 0.80 0.82 0.84
Potential/V (vs. RHE) Potential/V (vs. RHE)
(e) 0.06
= Ni/NCNF .
0.054 ° NisN/NCNF 0.45 mF
E 4 Ni,P/NCNF N
= 0.044 v NiZP/NiJN/NCNF
.‘E] Fitting line 0.42 mk
& - 0.28 mF
S 003 - °
£ y .
é 0.02 s = 021 mF
= 4 A
O 0.01 A
)=
[5
0.00 v T v T v T v T T T
0 20 40 60 80 100
1
Scan rate/mV s

Fig. S14. Cyclic voltammograms of (a) Ni/NCNF, (b) Ni;N/NCNF, (c) Ni,P/NCNF, and (d) Ni,P/
Ni;N/NCNF at different scan rates of 10, 20, 40, 60, 80, and 100 mV s'.. (e) Scan rate dependence
of the current derived from double-layer capacitance measurements of Ni/NCNF, Ni;N/NCNF,
Ni,P/NCNF, and Ni,P/ NizN/NCNF.

S21



=
n

QN
£ —— Ni/NCNF
—— Ni,/NCNF

é —— Ni, /NCNF
104 LN
5 —— Ni,P/Ni N/NCNF
=

=

S 05

=

g

S

S

3 00-

0 11 12 13 14 15 16
Potential/V(vs. RHE)

Fig. S15. Specific activity of Ni/NCNF, Ni;N/NCNF, Ni,P/NCNF, and Ni,P/Ni;N/NCNF
catalysts in 1 M KOH with 0.33 M urea at a scan rate of 10 mV s\,

S22



w
=}

a E 1 — Ni,P/Ni, N/NCNF
5 25+
£
g ]
s 15- WM-—.‘
ﬁ L
*g 10
: L
= 5-
S
0 v T v T v T v T T T T
0 1 2 3 4 5 6 7 8

Time/h
Fig. S16. A CA curve of Ni,P/NizN/NCNF for 8 h.

S23



80

NZ
604
> 3
E
2 40-
‘7
=
&
£ 20-
04
2 3 4 5 6 7
Time/min

Fig. S17. The gas chromatography spectrum of the N, product.

S24




—— Ni/NCNF
701 —— Ni,'NCNF
604 —— Ni,P/NCNF
—— Ni,P/Ni,N/NCNF
50-
e i

[
=
1

Current density/mA cm2
[ =
[—] —]

>

5 6 7 8 9 10
Time/h
Fig. S18. CA curves of Ni/NCNF, NisN/NCNF, Ni,P/NCNF, and Ni,P/NisN/NCNF.

S25



A
&
=

Pyrrolic-N

Graphitic-N

Ni,P/Ni, N'NCNF Ni,P/Ni, N/NCNF

Intensity/a.u.
Intensity/a.u.

Pyridinic-N

Nls

Ni-N

AL AL A
After reaction After reaction
140 1338 136 134 132 130 128 406 404 402 400 398
Binding Energy/eV Binding Energy/eV
©

Intensity/a.u.

Binding Energy/eV

538 536 534 532 530 528 526

3%

Fig. S19. The XPS spectra of (a) P 2p, (b) N 1s, and (c) O 1s of Ni,P/Ni;N/NCNF before and after

urea electrolysis.

S26



(@ (b)

‘_'/’l Y ’5" (N

‘4
"\\‘ '//4\'4\*/4

Fig. S20. The structural models of NizN (a, b), Ni;P (¢, d), and Ni,P/NizN (e, f).

S27



@ ——TDOS
J
g
g
z
2
8§ 6 4 2 0 2 4 6
Energy (eV)
(b)
J
g
g
3
8 6 4 2 0 2 4 6
Energy (eV)
© o
Ni,P/Ni,N —TDOS
——Ni3d
J
g
g
<z
2

-8 -6 -4 2 2 4 6

0
Energy (eV)

Fig. S21. The total density of the states (TDOS) of (a) Ni;N, (b) Ni,P, and (c) Ni,P/NizN.

S28



Table S1. Structural parameters of Ni,P and Ni;N in NiP/Ni;N/NCNF derived from the Rietveld

refinement.
Phase Ni,PF Ni,PS Ni;NE Ni3N$S
Cell length a 5.8608 5.859 4.6230 4.621
Cell length b 5.8608 5.859 4.6230 4.621
Cell length ¢ 3.3846 3.382 4.3053 4.304
Cell angle alpha 90 90 90 90
Cell angle beta 90 90 90 90
Cell angle gamma 120 120 120 120
Cell volume 100.681 100.5 79.685 79.6
Crystal density 7.3415 7.351 7.9022 7.91
Space group P-62m P-62m P6322 P6322
E: Experimental  S: Standard
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Table S2. Element composition of Ni;P/Ni;N/NCNF based on the EDX.

Element Weight % Atomic %
C 76.02 87.45
N 3.21 3.16
0] 6.36 5.49
P 2.33 1.04
Ni 12.06 2.83
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Table S3. The binding energy of Ni 2p for Ni/NCNF, Ni;N/NCNF, Ni,P/NCNF, and
Ni,P/NizN/NCNF.

Binding energy/eV
Catalysts Ni 2ps Ni 2p,
Ni¢ NiZ* Satellite Ni¢ NiZ* Satellite
Ni/NCNF 852.35 854.88 860.19 869.95 872.48 878.99
Ni;N/NCNF 852.45 855.48 860.02 870.05 873.08 879.39
Ni,P/NCNF 853.14 856.73 861.37 870.74 874.33 879.71
Ni,P/NizN/NCNF 853.24 856.75 861.83 870.84 874.35 880.44

S31



Table S4. The binding energy of P 2p for Ni,P/NCNF and Ni,P/Ni;N/NCNF.

Binding energy/eV
Catalysts
P-O P2pyp P 2p;;
Ni,P/NCNF 134.12 130.19 129.32
Ni,P/NizN/NCNF 134.23 130.66 129.79
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Table S5. The binding energy of N 1Is for Ni/NCNF, Ni;N/NCNF, Ni,P/NCNF, and
Ni,P/NizN/NCNF.

Binding energy/eV
Catalysts
pyridinic-N pyrrolic-N graphitic-N Ni-N
Ni/NCNF 398.80 400.10 401.20 /
Ni;N/NCNF 398.80 400.10 401.20 397.85
Ni,P/NCNF 398.80 400.10 401.20 /
Ni,P/NisN/NCNF 398.80 400.10 401.20 397.62
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Table S6. The binding energy of O 1s for Ni/NCNF, Ni;N/NCNF, Ni,P/NCNF, and
Ni,P/NizN/NCNF.

Binding energy/eV
Catalysts
Ni-O C-0 C=0 P-O
Ni/NCNF 530.60 531.60 532.75 /
Ni;N/NCNF 530.60 531.60 532.75 /
Ni,P/NCNF 530.60 531.60 532.75 531.30
Ni,P/Ni;N/NCNF 530.60 531.60 532.75 531.30
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Table S7. The onset potential, redox potential of Ni>*/Ni**, and the overpotential at 10 mA c¢cm of

the as-prepared catalysts for OER.

Onset potential/V Redox potential of Overpotential at 10
Catalyst
vs. RHE Ni2*/Ni**/V vs. RHE mA ¢cm2/mV
Ni,P/Ni;N/NCNF 1.316 1.362 283
Ni,P/NCNF 1.320 1.361 311
Ni;N/NCNF 1.326 1.378 334
Ni/NCNF 1.332 1.379 359
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Table S8. EIS fitting parameters from equivalent circuit for OER.

Catalysts RJ/Q CPE/S s™ n/0<n<l1 R/Q
Ni/NCNF 6.986 1.398E-004 0.77 206.20
Ni;N/NCNF 7.051 1.234E-004 0.81 137.10
Ni,P/NCNF 9.283 1.454E-003 0.93 99.12
Ni,P/Ni;N/NCNF 7.177 1.177E-004 0.87 64.37
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Table S9. The comparison of the catalytic properties of Ni-based catalysts for UOR in recent

years
Catalyst Electrolyte Scan rate/mV s’! Potential at 10 Ref.
mA cm2/V

a-Ni,P/G 1 M KOH+0.5 M urea 5 1.28 V vs. RHE 1
MoNiy/MoOy@NF 1 M KOH+0.33 M urea 10 1.29 V vs. RHE 12
NiS@Ni;S,/NiMoOy 1 M KOH+0.5 M urea 2 1.30 V vs. RHE 13
Ni(OH),-NSs/CC 1 M KOH+0.5 M urea 5 1.32 V vs. RHE 14
P-NF 1 M KOH+0.33 M urea 5 1.32 V vs. RHE 15
Ni@C-V,05/NF 1 M KOH+0.5 M urea 5 1.32 V vs. RHE 16
Mo-doped Ni;S, 1 M KOH+0.3 M urea 2 1.33 V vs. RHE 17
NiSe,-NiO 350 1 M KOH+0.33 M urea 10 1.33 Vvs. RHE 18
NP-Nig 7Feq 3 Ni foam 1 M KOH+0.33 M urea 5 1.33 V vs. RHE 19

This
Ni,P/Niz;N/NCNF 1 M KOH+0.33 M urea 10 1.337 V vs. RHE

work
Ni3S,/MWCNTSs/NF 1 M KOH+0.5 M urea 5 1.338 V vs. RHE 20
Cu,S@NisSe, 1 M KOH+0.5 M urea 5 1.338 V vs. RHE 21
NizN/CusN 1 M KOH+0.5 M urea 5 1.34 V vs. RHE 2
Ni;N-350/NF 1 M KOH+0.5 M urea 5 1.34 V vs. RHE 2
NizN/rGO@NF-350 1 M KOH+0.5 M urea 5 1.342 V vs. RHE 24
MNPBA-P 1 M KOH+0.5 M urea 20 1.344 V vs. RHE 2
Ni/Nig,MoysN/MoO; 1 M KOH+0.5 M urea 2 1.349 V vs. RHE 26
Ni(OH),@NF 1 M KOH+0.33 M urea 5 1.35 V vs. RHE 27
Ni;N NA/CC 1 M KOH+0.33 M urea 5 1.35 V vs. RHE 28
Ni/NiO@NC 1 M KOH+0.33 M urea 5 1.35 V vs. RHE 29
Nij g5Se/rGO 1 M KOH+0.5 M urea 5 1.36 V vs. RHE 30
NiSe, 1 M KOH+0.33 M urea 5 1.36 V vs. RHE 3
NiF3/Ni,P@CC-2 1 M KOH+0.33 M urea 10 1.36 V vs. RHE 32
Ni,P/Fe,P/NF 1 M KOH+0.5 M urea 10 1.36 V vs. RHE 3
Ni-Mo nanotube 1 M KOH+0.1 M urea 5 1.36 V vs. RHE 34
Ni-MOF 1 M KOH+0.33 M urea 10 1.36 V vs. RHE 3
V-Ni;N/NF 1 M KOH+0.5 M urea 2 1.361 V vs. RHE 36
NiFe hollow cages 1 M KOH+0.5 M urea 5 1.37 V vs. RHE 37
NiFeMo 1 M KOH+0.33 M urea 5 1.38 V vs. RHE 3
Nis;Sey 1 M KOH+0.1 M urea 5 1.38 V vs. RHE 39
Ni-MOF-0.5 1 M KOH+0.5 M urea 5 1.381 V vs. RHE 40
Ni/Si10,/N-C 1 M KOH+0.33 M urea 5 1.384 V vs. RHE 41
B-NiS 1 M KOH+0.33 M urea 5 1.4V vs. RHE 42
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Table S10. EIS fitting parameters from equivalent circuit for UOR.

Catalysts RJ/Q CPE/S s™ n/0<n<l1 R./Q C/mF R,/Q
Ni/NCNF 8.529 3.854E-005 0.59 109.02 3.541E-005  29.94
Ni;N/NCNF 9.584 5.278E-004 0.76 88.98 1.135E-004  24.37
Ni,P/NCNF 9.495 6.124E-004 0.58 65.13 1.456E-004 15.15
Ni,P/NisN/NCNF 5.247 3.358E-004 0.84 45.24 4.286E-003 7.18
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Table S11.The comparison of the calculated ECSA from the method of Cy and reduction peak

integration.
Reduction peak
ECSA/cm™ ) i C4 method
integration method

Ni/NCNF 4.54 5.25
Ni;N/NCNF 5.40 7.00
Ni,P/NCNF 6.91 10.50
Ni,P/Ni;N/NCNF 8.32 11.25
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Table S12. The comparison of the catalytic properties of Ni-based heterostructure catalysts for urea-

assisted water splitting in two electrode system in recent years.

Potential at 10 Potential at 10
Catalyst mA c¢m? for urea mA c¢m? for water Ref.

electrolysis/V splitting /V
Ni/Nig,Moy sN/MoO; 1.356 1.520 26
Ni-NiO-Mog £4Nig 1¢/NF 137 1.52 43
(Ni-WO,)@C/NF 1.38 1.56 44
Ni,P/Niz;N/NCNF 1.39 1.59 This work
NiSe,-NiO 350 1.39 1.60 18
NiS@Ni3S,/NiMoO, 1.40 1.60 13
NiS,-MoS, 1.40 1.63 4
NiS/MoS,@FCP 1.42 1.72 46
CoN/Ni(OH), 1.43 1.64 47
Ni4N/Cu;N/CF 1.48 1.67 2
Cu,S@NisSe, 1.48 1.70 21
Ni,P/Fe,P 1.50 1.58 e
NiF5/Ni,P@CC-2 1.54 1.58 32
N-NiS/NiS, 1.62 1.74 48
NiF,/Ni,P 1.5@40 mA cm 1.8@40 mA cm 49
Ni@C-V,05/NF 1.46@50 mA cm 1.66@50 mA cm 16
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Table S13. Element composition of Ni,P/Ni;N/NCNF based on the EDX after stability test.

Element Weight % Atomic %
C 69.79 82.46
N 3.44 3.49
0] 11.03 9.80
P 0.95 0.43
Ni 12.75 3.08
K 2.04 0.74
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