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1. Experimental section

1.1 Materials

Ammonium chloride (NH4Cl, 99.5%), potassium hydroxide (KOH, 85%) were
received from Tianjin Bohua Chemical Reagent Co., Ltd. 2-methylimidazole was
obtained from Shanghai Merrier Biochemical Technology Co., Ltd. Cobaltous nitrate
(Co(NO3),-6H,0, 99.9%) was obtained from Shanghai Titan Technology Co., Ltd,
Nickel nitrate (Ni(NO3),-6H,0, 98.0%) was obtained from Tianjin Damao Chemical
Regent Factory. Chloride hexahydrate (CoCl,-6H,0, 99.0%) was purchased from
Tianjin Fengchuan Chemical Reagent Technology Co., Ltd. Sodium hypophosphite
(NaH2PO2-H20, 99.0%) and acetone (99.5%) were ordered from Tianjin Chemical
Reagent Supply and Marketing Co., Ltd. Nickel foam (99%) used in the study was
obtained from Shanxi Lizhiyuan Technology Co., Ltd. Ethanol (99.7%) was received
from Concord Technology Co., Ltd. Hydrochloric acid (HCI, 36.0% ~ 38.0%) was
purchased from Yongfei Chemical Reagent Co., Ltd. Deionized water was obtained
from Tianjin Huaxun Medical Technology Co., Ltd. Moreover, 20 wt% Pt/C was
received from Shanghai Hesen Electric Co., Ltd. Hydrazine hydrate (N,H4-H,O, 80%)

was purchased from Tianjin Damao Chemical Reagent Co., Ltd.
1.2 Electrochemical measurements

Electrochemical characterization was conducted using a CHI 760E electrochemical
station in alkaline electrolyte at room temperature. A typical three-electrode setup was
employed, comprising the prepared sample as the working electrode, a platinum wire as
the counter electrode and a Hg/HgO electrode reference. This setup facilitated the
assessment of electrocatalytic performance for HER, OER and HzOR. Moreover,
seawater splitting electrolysis and hydrazine-assisted seawater splitting were carried out
in a two-electrode configuration, utilizing Ni-CoP@NC material as both the anode and
cathode. The experiments were conducted in different electrolytes: 1.0 M KOH and 1.0
M KOH with 0.2 M hydrazine, respectively. Besides, Electrocatalytic methanol
oxidation, ethanol oxidation, glucose oxidation, and urea oxidation were conducted in

different electrolytes: 0.1 M methanol solution, ethanol solution, glucose solution and
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urea solution, respectively.

In this study, all potentials were referenced to the reversible hydrogen electrode
(RHE) using the formula: Eys rug = Evs ngngo + 0.059 pH + Es ngmgo. The working
electrodes had a geometric surface area of approximately 0.5 cm?. Linear sweep
voltammetry (LSV) was conducted at a scan rate of 5 mV s!, with the Tafel slope was
determined using the Tafel equation (7 = a + blog j). The double layer capacitance (Cg)
was calculated from cyclic voltammetry (CV) data obtained at scan rates ranging from
10 to 30 mV s! using the equation Cg = (j, - j.)/(2*V).

Electrochemical impedance spectroscopy (EIS) was conducted across a frequency
range of 0.01 to 100000 Hz with an amplitude of 5 mV. Stability tests for HER and
HzOR were performed over 24 hours in both 1 M KOH and 1 M KOH with 0.5 M N,H,.
Similarly, the stability of hydrazine-assisted seawater splitting was assessed in natural
seawater with 0.5 M N,H, at a constant current density of 200 mA c¢cm-2 over 48 hours.

The fuel cell was assembled wusing Ni-CoP@NC as anode and
Ni foam-supported commercial Pt/C catalyst as cathode. The anode was immersed in
1 M KOH with 0.2 M N,H,;, while cathodic electrolyte was 1M KOH. The
Zn-Hz Dbattery was assembled using Ni-CoP@NC as cathode and Zn
foil as anode, separated by anion exchange membrane (AEM) as
separator. The cathode was immersed in 1 M KOH with 02 M
N,H,, while anodic electrolyte was 1 m KOH with 0.02 M Zn(CH3;COO),.

1.3 Techno-economic analysis

Energy consumption (EC) (kWh Kg!' H,;) was calculated according to the
following equation: Energy consumption (EC) (kWh Kg'! H,) is calculated according to
the following equation:

EC=UIt/1000

O=nZF=1t
where, U is the cell voltage, and the cell voltage is calculated on the assumption that the
required anodic potential is 1.23 V vs. RHE without overpotentials; / is the current; t

represents the time to remove 1 kg H»; Q is the actual consumed charge amount; F is the
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faradaic constant (96485 C mol'!); z is the number of transferred electrons (n = 2); and n
is the amount of H, in mol (1 kg H, = 500 mol). And then, the cost for producing per kg
H, was calculated he electricity cost of $0.104 per kWh in China.

1.4 Density functional theory

To investigate the electroactivity, DFT calculations have been applied to reveal the
electronic modulations induced by Ni species-incorporated Co,P nanosheet arrays
encapsulated in N-doped carbon layers grown on Ni foam. To accurately describe the
exchange-correlation interactions, we have selected the generalized gradient
approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) functionals. Meanwhile, the
plane-wave basis cutoff energy has been set to 450 eV based on the ultrafine quality and
the ultrasoft pseudopotentials. The Broyden-Fletcher-Goldfarb-Shannon (BFGS)
algorithm is selected for all the geometry optimizations. The coarse quality of k points
has been applied for all the energy minimizations. We have selected the (121) surfaces
of Co,P as a representative surface to investigate the electronic modulation induced by
Ni incorporating, which is consistent with the experimental characterizations. To
guarantee sufficient relaxation, we have introduced 15 A vacuum space on the z-axis.
To achieve convincing convergence, the following criteria are applied for all the
geometry optimizations including the Hellmann-Feynman forces should not exceed
0.001 eV/A; the total energy difference should not be over 5x10-° eV/atom, and the
inter-ionic displacement should be less than 0.005 A.

The oxidation of hydrazine into nitrogen and hydrogen occurs in the following six
consecutive elementary steps:

(A) * + NyHy — *NoH,, (1)
(B) *N,Hs — *N,H; + H" + e, (2)
(C) *N,H; —» *N,H, + H +e, (3)
(D) *NoH, - *N;H+H +e,  (4)
(E) *N,H — *N, + H* + ¢, (5)
(F) *No — * + Na. (6)

The asterisk (*) represents the reaction surfaces. “*N,H,”, “*N,H;”, “*N,H,”, “*N,H”,
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and “*N,” denote the models with the corresponding chemisorbed species residing in
the reaction surfaces. Among these six elementary steps, steps (A) and (F) are the
adsorption of N,H, and desorption of N, respectively. The other four elementary steps
involve the generation of one proton and one electron. Then, using the computational
hydrogen electrode (pH = 0, P = 1 atm, T = 298 K), the Gibbs free energy of H* + e
was replaced implicitly with the Gibbs free energy of one-half an H, molecule. Thus the

reaction Gibbs free energies can be calculated with Egs:

AGp =AGsnna- AGx-AGopa (7

AGg = AGsnpnz + 0.5A G- AGsnong-eU-kTIn10*pH  (8)
AGc = AGnp T 0.5 A G- AG*o3-eU-kTIn10*pH  (9)
AGp = AGson T 0.5AG-AGam-eU-kTIn10*pH ~ (10)
AGg = AGunot 0.5 AGyp-AGsnp-eU-kTInl10*pH (11)

AGg = AGst Guo-A G (12)

U and the pH value in this work is set to zero. The adsorption or reaction Gibbs free

energy is defined as AG = AE + (ZPE-TAS), where AE is the adsorption or reaction

energy based on DFT calculations, AZPE is the zero-point energy (ZPE) correction, T is
the temperature, and AS is the entropy change. For each system, its ZPE can be
calculated by summing vibrational frequencies overall normal modes v (ZPE = 1/2 Zhv).
The entropies of gas-phase H,, N,, and NH,NH, are obtained from the NIST database?
with the standard condition, and the adsorbed species were only taken vibrational
entropy (S,) into account, as shown in the following formula:
Sv=21 R{hv/[kgT*exp(hvi/kgT)—kpT|-In[1—exp(-hvi/kgT)]} (13)

Among which R = 8.314 J-mol "K', T=298.15 K, h = 6.63 x10734 J's, kg = 1.38 x
10723 J-K1, i is the frequency number, v; is the vibrational frequency (unit is cm™).

Under the standard condition, the overall HER pathway includes two steps: first,
adsorption of hydrogen on the catalytic site (*) from the initial state (H" + e + *),

second, release the product hydrogen (1/2 H;). The total energies of H" + e and 1/2 H,
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are equal. Therefore, the Gibbs free energy of the adsorption of the intermediate

hydrogen on a catalyst (4Gy) is the key descriptor of the HER activity of the catalyst
and is obtained by:

A Gy = AEy + AZPE — TAS

where AEy, AZPE and AS are the adsorption energy, zero-point energy change and

entropy change of H adsorption, respectively.

2. Supplementary figures

Fig. S1. SEM images of original Ni foam (NF).
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Fig. S2. Magnified XRD patterns of Ni-CoP@NC and CoP@NC.
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Fig. S3. XPS survey spectra for Ni-CoP@NC and CoP@NC.
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Fig. S4. LSV curves of samples with different Ni species incorporating.
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Fig. S5. CVs with different scan rates from 30 mV s to 10 mV s! of (a) Ni-CoP@NC,

(b) CoP@NC, (c) 0.5Ni-CoP@NC and (d) 2Ni-CoP@NC.
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Fig. S6. CVs with different scan rates from 30 mV s™'to 10 mV s of NF.
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Fig. S7. Roughness factor of Ni-CoP@NC, CoP@NC, 0.5Ni-CoP@NC, 2Ni-CoP@NC
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Fig. S8. LSV curves of Ni-CoP@NC in 1.0 M KOH with various hydrazine

concentrations.
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Fig. S9. The electrocatalytic process of Ni-CoP@NC across various reactions including

(a) electrocatalytic oxygen evolution, (b) methanol oxidation, (c) ethanol oxidation, (d)

glucose oxidation, and (e) urea oxidation. Employing Ni-CoP@NC in (f) conventional

water electrolysis system, (g) methanol-assisted water electrolysis system, (h) ethanol-

assisted water electrolysis system, (i) glucose-assisted water electrolysis system, and (j)
urea-assisted water electrolysis system.

Fig. S10. SEM image of the post-HER Ni-CoP@NC.
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Fig. S11. SEM image of the post-HzOR Ni-CoP@NC.
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Fig. S12. XRD characterization of initial Ni-CoP@NC and Ni-CoP@NC after long-

term HER ability measurements.
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Fig. S13. XRD characterization of initial Ni-CoP@NC and Ni-CoP@NC after long-

term HzOR ability measurements.
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() 015 () [N . Ni 2ps,
Ni2p NiZp 2p1 S
Ny Co2p Cis Sat. Ni-Q
E N1ls . i \::’ =
z =
E Z
) W ¢
Post-HzOR n
REES Post-HzOR
1200 ID'“ﬂ Kﬂlﬂ ﬁllNl J{IJD Z;Il (] m;ﬂ x;n R;ﬂ a5
Binding energy (¢V) Binding energy (eV) )
(©) (@) |P2p A
E] Z
& ol i
F=y Z AN
z 2 / \
< =
=
Post-HzOR Post-HzOR
l(;[l [ﬂl)l] 7:’0 7;|(| 'l~'“. l.l’ﬁ 152 I;K
Binding energy (eV) Binding energy (eV)

Fig. S15. XPS characterization of initial Ni-CoP@NC and Ni-CoP@NC after long-term

HzOR ability measurements: (a) survey, (b) Ni 2p, (¢) Co 2p and (d) P 2p spectra.

Voltage (V)

0 8(|]0 16I00 24I00 32IOO 40I00 48I00 56I00 64I00 7200
Time (s)
Fig. S16. Open circuit voltages of Ni-CoP@NC assembled Zn-hydrazine battery.



3. Supplementary tables

Table S1. Comparison of HER performance of Ni-CoP@NC with other electrocatalysts.

Overpotential at 1000 mA cm

Catalyst Electrolyte Reference
(mV)

Ni-CoP@NC 1.0 M KOH 143 This work
MIL-(IrNiFe)@NF 1.0 M KOH 198 [1]
FeNi LDH@FF 1.0 M KOH 400 [2]
Ru-CoO,/NF 1.0 M KOH 252 [3]
Ir-nc@m-NiCo 1.0 M KOH 146 [4]
NiMo/Mo,N/NC(500) 1.0 M KOH 271 [5]
MoWNiTe 1.0 M KOH 182 [6]
MoO,/@Ru NT 1.0 M KOH 131 [7]
DE 150s ribbon 1.0 M KOH 104 [8]
RuGa/N-rGO-2 1.0 M KOH 156 [9]
Ni-MoN-450 1.0 M KOH 190 [10]
Co-SA/CC 1.0 M KOH 300 [11]
MnCo/NiSe 1.0 M KOH 211 [12]
MnCo,S4@MoS,/NF 6.0 M KOH 208 [13]
SnFeS,0,/NF 1.0 M KOH 324 [14]

1.0 M NaOH +
Cu,S@NiS@Ni/NiMo 200 [15]
0.5 M NaCl
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Table S2. Comparison of HzOR performance of Ni-CoP@NC with other

electrocatalysts.
Potential at 1000 mA c¢m2
Catalyst Electrolyte Reference
(mV)
1.OMKOH+02M
Ni-CoP@NC 51 This work
N2H4
alkaline hydrazine
Ni,Fe;oN/NF 300 [16]
solution
1.0 M KOH + seawater
Ru-FePy/IF 335 [17]
+ 0.5 M N,H,
1.0 M NaOH + 0.5 M
a-Ni,P/Ni/NF 240 [18]
N2H4
1.0 M NaOH + 0.5 M
Ru-Cu,O/CF 135 [19]
N2H4
1.0 M NaOH + 0.4 M
CoP/CF 180 [20]
N2H4
Fe-Ni,P@MIL- I.OMKOH+0.5M
200 [21]
FeNi N,H, seawater
1.OMKOH+0.5M
MoNi@NF 470 [22]
N,H, seawater
1.OMKOH+0.5M
FeNiP-NPHC 110 [23]
N,H, seawater
1.0M
RuFe-Ni,P@NF KOH + Seawater + 0.5 M 260 [24]
N,H4
1 M KOH + 0.5 M N,H,4
CoP/Ni,P@NF 110 [25]
seawater.
1.0M KOH +
CoH-CoPV@CFP 117 [26]
0.4 M N,H,
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Table S3. Comparison of OHzS performance of Ni-CoP@NC with other

electrocatalysts.
Potential at 1000 mA c¢cm-
Catalyst Electrolyte Reference
V)
1.0 M KOH +
Ni-CoP@NC 0.49 This work
0.5 M N,H,4
1.0 M KOH +
NiMo/Ni,P 0.21 [27]
0.5 M N,H,4
. 1.0 M KOH +
FeNiP-NPHC 0.5 M N,H, 0.51 [23]
. 1.0 M KOH +
Fe-CoNiP@NC 0.5 M N,H, 0.56 [28]
1.0 M KOH +
F-CoP/CF 0.2 M N,H, 0.49 [20]
. 1.0 M KOH +
RuFe-Ni,P@NF 0.5 M N,H, 0.70 [29]
. . 1.OMKOH +
FeCo-Ni,P@MIL-FeCoNi 0.5 M N,H, 0.40 [21]
1.0 M KOH +
Ru-FeP4/IF 0.5 M N,H, 0.90 [17]
) 1.0 M KOH+0.5
Mo-Ni,P,@MNF M N,H, 0.57 [30]
1.0 M KOH +
MoNi@NF .54 22
oNi@N 0.5 M N,H, 0.5 [22]
. 1.0 M KOH +
Fe/F-Ni,P@NC 0.5 M N,H, 0.57 [24]
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Table S4. Comparison of OWS performance of Ni-CoP@NC with other
electrocatalysts.

Potential at 1000 mA cm™

Catalyst Electrolyte Reference
V)

Ni-CoP@NC 1.0 M KOH 1.82 This work
Cog.03-NiFey 9;LDH 1.0 M KOH 1.53 [31]
Ir/CoMoO4/NF 1.0 M KOH 1.81 [32]
MnCo,S4s@MoS,/NF 6.0 M KOH 1.79 [33]
LVN-0.1 1.0 M KOH 1.94 [34]
FeOOH/Co4S¢/Ni;S, 1.0 M KOH 1.80 [35]
nano-KFO/NF 1.0 M KOH 1.95 [36]
CoB@MOF@CC 1.0 M KOH 2.10 [37]
NiO/RuO,/NF 6.0 M KOH 1.78 [38]
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