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1. Experimental section

1.1. Material used. Ni(NO3)2.6H>O, Terephthalic acid (C¢Hs(CO2H),), K3[Fe (CN)s], KOH
(85%), HCI (~35%), 2,2-dimethylformamide (DMF) and acetone were commercially obtained
from FINAR. NaH;PO,.H,O was commercially obtained from Spectrochem. RuO> and Pt/C
(20 wt%) were commercially obtained from Merck Sigma-Aldrich. Ni foam (NF) was
commercially obtained from Vritra Technologies. Double-deionized (DI) H>O and ethanol
were employed for cleaning and synthesis.

1.2. Synthesis of electrocatalyst materials. Ni foam (NF) measuring 2 x 4 cm* underwent
a cleaning process involving sonication in aqueous 3 M HCI solution for 10 minutes to
effectively eliminate the oxidized surface layer, subsequently followed by multiple washings
with DI H>O and acetone. The cleaned NF was dried for 1 hour at 35 °C using hot air oven.
The dried NF was placed inside a Teflon-lined stainless-steel autoclave of 50 mL capacity
containing 1:1 solution of 20 mL DI H>O and 20 mL DMF, in which 1 mmol Ni(NO3),.6H,O
and 1 mmol terephthalic acid (TPA) were dissolved. The autoclave was sealed and heated for
12 h at 120 °C in hot air oven, followed by cooling naturally to room temperature. The mint

blue colored material deposited on NF was named Ni-TPA/NF, which was repeatedly washed
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with DI H>O and ethanol followed by drying at 60 °C for 8 hours. The Ni-TPA/NF was calcined
in air for 2 h at 500 °C with a ramp rate of 3 °C min~! to get black colored NiO/NF. Another
piece of synthesized Ni-TPA/NF was kept immersed in 0.05 M aqueous solution of
K3[Fe(CN)s] for 12 h at ambient condition to allow the growth of Prussian Blue (PB) MOF,
which is denoted as Ni-TPA@PB/NF. The material was washed and dried following same
procedure. The dark moss green colored Ni-TPA@PB/NF was converted to the corresponding
oxide by calcining in air at 500 °C for 2 h with a ramp rate of 3 °C min~!. The obtained reddish
brown colored material is denoted as NiO@Fe3O4/NF. Similarly, Ni-TPA@PB/NF was
converted to corresponding phosphide by heating under flowing N> gas at 500 °C for 2 h with
3 °C min! ramp rate in presence of NaH,PO,.H,O as the phosphating agent in the upstream

position of flowing N> gas. The obtained black colored material is denoted as NioP@Fe;P/NF.

To understand the necessity of the dual MOF-precursor for NixP@Fe.P/NF, a control
experiment was conducted. In the control experiment, a precleaned NF of 2 x 4 cm? dimension
was placed inside a 50 mL Teflon-lined stainless-steel autoclave with a 40 mL aqueous solution
of 0.2 mmol Fe(NO3)3.9H>0, 1 mmol Ni(NO3),.6H>0O, 4 mmol urea, and 4 mmol NH4F. The
as-prepared aqueous solution with the immersed NF was hydrothermally treated for 12 h at 120
°C in hot air oven using 50 mL capacity Teflon-lined stainless-steel autoclave. The obtained
material-coated NF was named as NiFe-OH/NF. The as-obtained NiFe-OH/NF was
phosphidized following the same procedure as described above to get the non-MOF-derived

NizP-FGzP/NF.

1.3. RuO: and Pt/C electrode fabrication. 15 mg RuO and 15 mg Pt/C (Pt content of 20
wt %) were placed into two distinct glass vials. A homogenous mixture was achieved by
introducing a solution comprised of 480 puL deionised water, 480 pL isopropyl alcohol and 40

pL 5 wt% nafion solution into the RuO> and Pt/C sample vials, followed by sonication for 30
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minutes. The resultant catalyst inks were uniformly drop-cast onto a 1x1 cm? NF substrate and
subsequently subjected to drying at 60 °C for 8 hours. The quantity of material deposited on
NF in each case approximates 9 mg cm™.

1.4. Physicochemical characterization. Powder X-ray diffraction (PXRD) patterns were
recorded utilizing Cu Ka radiation with a wavelength of 1.54 A using XPERT-PRO
diffractometer instrument. Fourier-transform infrared (FT-IR) spectroscopy was conducted
using BRUKER ALPHA II instrument in the wavenumber window of 400 to 4000 cm ™. Field
emission scanning electron microscopy (FESEM) images were recorded using Thermo Fisher
FEI-Quanta 250 FEG instrument. Brunauer-Emmett-Teller (BET) analysis was executed using
a Quantachrome® Autosorb 1Q instrument. High-resolution transmission electron microscopy
(HRTEM) was executed utilizing a Tecnai G2 20 TWIN instrument. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Fisher SCIENTIFIC instrument.

1.5. Electrochemical measurements. All-electrochemical measurements were conducted
using BioLogic Science Instruments (SP-150e) workstation, where a three-electrode
configuration was employed for the oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) and a two-electrode configuration was utilized for the overall water electrolysis
(OWE) investigations. In the three-electrode configuration, 1 M KOH filled Hg-HgO as
reference electrode, graphite rod as counter electrode, and 1 cm? area of electrocatalyst-loaded
NF with a loading of approximately 9 mg cm 2 was employed as the working electrode. In the
two-electrode configuration, two identical materials were used as both anode and cathode,
forming a symmetrical electrolyser. The measured potentials recorded against Hg-HgO (IM
KOH) reference electrode were subsequently converted into reversible hydrogen electrode

(RHE) using the conversion equation as follows:5!

ERHE = EHg—HgO/lMKOH + 0059pH + 0.098V (Sl)
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All the electrochemical performances were conducted in 1 M KOH as electrolyte
solution. Initially, 100 cycles of cyclic voltammetry (CV) of the working electrode were
conducted at a scan rate of 50 mV s~! to make the electrochemical data more reliable by
activating and stabilizing the electrode materials. The LSV (Linear Sweep Voltammetry) curves
were recorded at a low scan rate of 2 mV s~! allowing detailed analysis of the electrochemical
processes occurring at the electrode surface, providing insights into the kinetics of the
reaction.>? All the OER, HER, MOR and OWE data are presented without any iR-correction.
However, the equation for iR-correction is:

Ecorr = Emea — iRt (82)
where Ec.. 1s the iR-corrected potential, Eyeq 18 the experimentally measured potential, R, is

the charge transfer resistance, and i is the corresponding current.5*54

The overpotential was calculated by using following equation.3
For OER, n = Egyp — 1.23V (S3)
For HER, n = Egyr — 0V (S4)

The Tafel plots were derived from LSV curves to enhance the comprehension of the
kinetics associated with the OER and HER through the application of the subsequent
equation:S?

n =alogj + b (S5)
where a defines the Tafel slope, j defines the current density and b is the intercept on the
overpotential axis. A quicker reaction speed is linked to a lower Tafel slope, while a slower

reaction speed leads to higher Tafel slope values. Exchange current densities (j,) were

calculated using Nyquist plots by the following equation.5

. RT
Jo = Yrr,,

(S6)

where R defines the universal gas constant (8.314 J K™! mol™!), T is reaction temperature

(298.15 K), n is the number of electrons transferred (n = 4 for OER, n = 4 for methanol
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oxidation to formate, and n = 2 for HER), and R, is charge transfer resistance obtained from
Nyquist plots.> Electrochemical impedance spectroscopy (EIS) was performed at 1.53 V for
OER and -0.27 V for HER in the frequency range from 0.01 to 10% Hz to obtain the Nyquist
plots.

The double-layer capacitance (Ca) was calculated using cyclic voltammetry curves
recorded in non-faradic regions at scan rates ranging from 10 to 100 mVs~'. The slope obtained
by plotting the difference in capacitive current densities versus scan rates are equal to twice the

Cai values. The electrochemical active surface area (ECSA) was calculated using the Cq value

by using the following formula:5*5*
—_ Ca
Be3A = CscmEésa (S7)

where C; is the specific capacitance, which was assumed to be 0.04 mF cm™ by considering
the reported literature for a smooth metal surface.

To evaluate the endurance of the electrocatalyst and the fabricated electrolyzer’s
applicability, the chronopotentiometry (CP) test was conducted for OER, HER, and OWE at
50 mA cm2 current density for 50 and 70 h test period, respectively.

The faradaic efficiency (FE) of the electrocatalyst for H» and O» production was

calculated by following the equation:>°

Experimental gas productioninmlL (V1) _ V1

FE of H, =

(S8)

Calculated gas production in mL (V) (%)
4F

__ Experimental gas production inmL (V3) _ V3

FE of 0, =

(89)

Calculated gas production in mL (V) - (%)
4F

where Q is the total charge passed through the electrodes, V, is the molar volume of gas (24.45
L mol! at 298.15 K and 1 atm), F is the Faraday constant (96,485 C mol!), the number 4
defines 4 moles of electrons per mole of H>0, the number 2 defines 2 moles of Hz per mole of
H>0, and the number / defines 1 mole of O2 per mole of H>O.
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Calculation of energy consumption cost for Hz production per kilogram

Using the conventional (OER + HER) Ni;P@Fe,P/NF (=) electrolyzer:
Current applied = 500 mA=0.5 A
The voltage required to reach 0.5 A=2.51 V
Rate of H, production = 3.43 mL min!
The time needed for production of 1 kL H> gas =4859.1 h
Power consumption (kL')=0.5 A x 2.51 V x 4859.1 h=6098.2 W h = 6.0982 kW h
Cost of 1 kL H» gas = Power consumption x electricity bill

=6.0982 kW h x $0.02/kW h =$0.12196

Using the conventional (OER + HER) NiO@Fe;O4/NF(%) electrolyzer:
Current applied = 500 mA=0.5 A
The voltage required to reach 0.5 A=2.62 V
Rate of Hz production = 3.34 mL min™!
The time needed for production of 1 kL H> gas =4990 h
Power consumption (kL')=0.5 Ax 2.62 V x 4990 h=6536.9 W h=6.5369 kW h
Cost of 1 kL H> gas = Power consumption x electricity bill

=6.5369 kW h x $0.02/kW h = §0.1307

Using the hybrid (MOR + HER) Ni;P@Fe>P/NF(+) electrolyzer:
Current applied =200 mA=0.2 A
The voltage required to reach 0.2 A=2.03 V
Rate of Hx production = 1.52 mL min™!
The time needed for production of 1 kL H gas = 10964.9 h
Power consumption (kL ') =0.2 A x 2.03 V x 10964.9 h=4451.7Wh=4.4517kW h
Cost of 1 kL H> gas = Power consumption x electricity bill

=4.4517 kW h x §0.02/kW h = $0.089

At 298.15 K temperature and 1 atm pressure, 1 kL. H» equals to 0.08239 kg. Therefore,
the electricity cost for 1 kg of produced H» using:
Hybrid (MOR + HER) Ni;P@Fe,P/NF(+) electrolyzer is $1.08,
Conventional (OER + HER) Ni2P@Fe,P/NF(+) electrolyzer is $1.48, and
Conventional (OER + HER) NiO@Fe304/NF(+£) electrolyzer is $1.59.

S6



3. Mass activity calculation

The mass activity of the materials was calculated by dividing the resulted current densities in
the OER LSV by the mass of electrocatalyst deposited on the nickel foam substrate. The

deposited mass of electrocatalysts on nickel foam substrate was calculated experimentally.
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Fig. S1 (a) PXRD patterns of NiFe-OH/NF and Ni>P-Fe;P/NF, comparison of (b) OER, (c)
HER, and (d) OWE activities of MOF-derived Ni,P@Fe,P/NF with non-MOF-derived Ni>P-
Fe,P/NF.
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Fig. S2 Cyclic voltammograms at different scan rates of (a) NiO/NF, (b) NiO@Fe304/NF,

(c) Ni2P@Fe;P/NF, (d) non-MOF precursor-derived Ni2P-FeoP/NF, and (e) difference in

anodic and cathodic current densities (Aj) vs. scan rate plots with Cy value.
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Fig. S3 3*C-NMR of the 0.6 M MeOH + 1 M KOH electrolyte solution after MOR studies.
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Fig. S4 Water displacement method for the conventional NiO@Fe304/NF (%) electrolyzer to

calculate Faradaic efficiency and H» production cost.
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Fig. S5 Water displacement method for the conventional Ni;P@Fe>P/NF(%) electrolyzer to

calculate Faradaic efficiency and H» production cost.
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Table S1 Comparison of OER activity of the studied electrocatalyst materials with recent

results.
Current density n
Electrocatalyst Electrolyte Ref.
(mA cm?) (mV vs. RHE)
10 314
NiO/NF 1 M KOH 50 429 This work
100 500
10 316
NiO@Fe304/NF 1 M KOH 50 375 This work
100 424
10 210
Ni2P@Fe;P/NF 1 M KOH 50 268 This work
100 317
Mo-NiFeP/NIF 1 M KOH 10 207 S7
1 M KOH +
Mo-NiFeP/NIF 10 257 S7
seawater
NiFeP@MXene 1 M KOH 10 240 S8
NiP@MXene 1 M KOH 10 287 S8
ECO-NF-ACNT@NiFeP 1M KOH 100 345 S9
NiSe@NiFe-LDH/NF 1 M KOH 10 209 S10
NiFeP/SG 1 M KOH 10 218 S11
CoSx/Ni3S2@NF 1 M KOH 20 280 S12
FMCO/NF 1 M KOH 10 289 S13
CMO-1.25 1 M KOH 10 295 S14
FeCoMo/C 1 M KOH 10 330 S15
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Fe-Co/Mo2C@NCF 1 M KOH
CoNi/NC-YS 1 M KOH
FeOOH/NizN 1 M KOH

Ni—Fe LDH@NiCu 1 M KOH

Fe-NF-500 1 M KOH
Ni2P-L/NF 1 M KOH
c-CMO/PNF 1 M KOH
Ni-EG-POR 1 M KOH

10

10

10

10

10

10

10

10

277

292

244

218

214

300

341

400
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Table S2 Comparison of MOR activity of NioP@Fe,P/NF electrocatalyst materials with

recent results.

Current density Potential
Electrocatalyst Electrolyte Ref.
(mA cm?) (V vs. RHE)
10 1.304
0.6 MMeOH+ 1 M 20 1.347 This
Ni2P@Fe,P/NF
KOH 50 1.397 work
100 1.461
1 MMeOH + 1 M
Fe-NF-500 10 1.328 S20
KOH
1 M MeOH +1M
c-CMO/PNF 10 1.393 S22
KOH
0.5MMeOH+ 1M
Ni-EG-POR 10 1.42 S23
KOH
2M MeOH +1M
Ni2CozFe;-P 20 1.395 S24
KOH
3MMeOH + 1M
Co(OH)@HOS/CP 10 1.385 S25
KOH
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2MMeOH + 1M

Ni-Co-Mo/CNFs 99.8
KOH
NiC0204/Ti3C2Ty- 0.5 M MeOH+ 1M 190
MZXene KOH
0.5 MMeOH+1M
NiCo0204/Ni(OH), 92.3
KOH
1.0MMeOH+ 1M
Ni50C050-m 154
KOH

1.625

1.73

1.63

1.60
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Table S3 Comparison of HER activity of the studied electrocatalyst materials with recent

results.
Current density ]
Electrocatalyst Electrolyte Ref.
(mA cm?) (mV vs. RHE)
—-10 251
NiO/NF 1 M KOH This work
=50 389
—-10 181
NiO@Fe;04/NF 1 M KOH This work
=50 311
—-10 124
NiP@Fe,P/NF 1 M KOH =50 229 This work
—100 297
NiFeP@MXene 1 M KOH —-10 122 S8
NizP@MXene 1 M KOH —-10 196 S8
ECO-NF-ACNT@NiFeP 1 M KOH —100 348 S9
NiSe@NiFe-LDH/NF 1 M KOH —-10 93 S10
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NiFeP/SG
CoSy/NizS2@NF
¢-CMO/PNF
Co(OH)@HOS/CP
Ni-Fe-P/NF
NiFe NTAs-NF

Ni-Co-P/NF

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

—-10

—-10

—-10

—-10

—-10

—-10

—-10

115

204

130

148

156

181

156
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Table S4 Comparison of OWE activity of the fabricated electrolyzers with recent results.

Current Cell
Electrocatalyst Electrocatalyst )
Anode (+) Cathode () Electrolyte density voltage Ref.
(mA cm?) \%)
10 1.775
This
NiO/NF NiO/NF 1 M KOH 50 2.060
work
100 2.223
10 1.679
This
NiO@Fe3;04/NF NiO@Fe;04/NF 1 M KOH 50 1.862
work
100 1.988
10 1.464
Ni2P@Fe.P/NF NiP@Fe,P/NF 20 1.570 This
1 M KOH
(OER) (HER) 50 1.717 work
100 1.838
1 MKOH + 10 1.458
Ni2P@Fe,P/NF Ni2P@Fe,P/NF This
0.6 M 20 1.517
(MOR) (HER) work
MeOH 50 1.605
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Mo-NiFeP/N

(Nio.75Fe0.25),P@MX  (Nio.75sFeo.25).P@MX

ene

ECO-NF-
ACNT@NiFeP
NiSe@NiFe-

LDH/NF
NiFeP/SG

FeOOH/NizN

Ni-Fe LDH@NiCu

Fe-NF-500
(OER)
Fe-NF-500
(MOR)
Co(OH)@HOS/CP
(MOR)
Ni-Fe-P/NF
(Ethanol OR)
Ni-Fe-P/NF
(OER)
NiFe NTAs-NF
Ni-Co-S/NF

FeNiPx/NF

Mo-NiFeP/NIF

ene

ECO-NF-
ACNT@NiFeP
NiSe@NiFe-

LDH/NF
NiFeP/SG

FeOOH/Ni3N

NiFeOx@NiCu

MoNi4
(HER)
MoNiy
(HER)
Co(OH)@HOS/CP
(HER)
Ni-Fe-P/NF
(HER)
Ni-Fe-P/NF
(HER)
NiFe NTAs-NF
Ni-Co-P/NF

FeNiPx/NF

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 MKOH +

1 M MeOH

3 M MeOH

+ 1M KOH

1 MKOH +

1 M EtOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH
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100

10

10

20

10

10

10

10

50

10

10

10

10

10

20

10

1.702

1.55

1.64

1.53

1.56

1.54

1.58

1.523

1.736

1.516

1.381

1.497

1.53

1.66

1.62

1.57

1.53
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50 1.74

NiFeP/NF NiMoP/NF 1 M KOH 10 1.57 S34
NiCo02S4/NiFeP/NF ~ NiCo0,S4/NiFeP/NF 1 M KOH 10 1.56 S35
a-Nio.esFeo.35(OH)» a-Nio.esFeo.35(OH)2 1 M KOH 10 1.60 S36
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