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Preparation of the NiCoMn/NF electrocatalyst

The NiCoMn electrocatalyst was fabricated through the dynamic hydrogen bubble template
(DHBT) approach. Nickel foam with the dimension of 1 X 1 cm? served as the substrate for the
electrodeposition of NiCoMn. Firstly, and before the electrodeposition process, the nickel foam
was prepared for 15 minutes in acetone for degreasing, and then for 25 seconds in a 2 M HCI
solution with ultrasonic assistance. Finally, the nickel foam was washed with distilled water and
dried at room temperature. The electrochemical electrodeposition process was carried out in a two-
electrode system, including a platinum electrode (anode) and a working electrode (cathode), using
the DHBT technique with a power source device and at room temperature with a pH of 2.5. The
electrodeposition bath contained 0.1 M NiCl..6H2O (source of nickel ions), 0.1 M CoCl..6H20
(source of cobalt ions), 0.1 M MnCl..4H-O (source of manganese ions), and 2 M NH4Cl to adjust
the pH of the bath. Furthermore, control electrodes of NiCo and NiMn were also produced using
an analogous electrochemical electrodeposition technique to that of NiCoMn, employing their
respective precursor solutions on the nickel foam substrate. Finally, to optimize the sample, a
comparison of LSV and EIS curves was used for the synthesized samples among the
electrodeposition current densities of -1, -3, and -5 A.cm™, and electrodeposition duration of 5, 10,
30, and 60 seconds. The sample synthesized at a current density of -3 A.cm and a duration of 60
seconds was selected as the optimized sample.

Materials characterization

A field emission scanning electron microscope (FE-SEM TESCAN MIRA3 equipped with a
chemical composition analyzer and elemental map) was used to examine the morphology and
microstructure of the electrodes, and energy dispersive X-ray spectroscopy (EDS) was used to
examine the map and elemental compositions more precisely. Transmission electron microscope
(TEM) images were prepared using a Twin Super 20F 2G Tecnai FEI device. Also, to know the
crystalline or amorphous nature and to identify the crystalline structures of the coating, X-ray
diffraction (XRD) analysis with a scanning rate of 0.02 °/s was performed using a model device
(Bruker AXS D8 ADVANCE and with CuKa radiation A=1.5406 A°) and was performed with an
angle of 26 in the range between 5 and 80 degrees. The bubble contact angle on the nickel foam
and NiCoMn/NF electrode was measured by placing a drop of 1.0 M KOH according to the
instructions specified in standard D7334. Next, by fixing the drops on the electrode surface after a
period of 25 seconds, the contact angle was measured. It should be mentioned that the ZHIKAN
model CAG-20 device was used for contact angle analysis.

Electrochemical properties

A standard three-electrode cell was used to perform electrochemical tests. In this cell, Ag/AgCl
was used as a reference electrode, and graphite rod and synthesized electrodes were used as counter
and working electrodes. Also, all electrochemical tests were performed with a Bio-Logic SP-300
potentiostat device and in I M KOH solution. The electrocatalytic activity of the samples for HER
was investigated using linear sweep voltammetry (LSV) with a scan rate of 5.0 mV.s’!, up to a
high current density (-1000 mA.cm?). In addition, the Tafel slopes extracted from LSV curves and



electrochemical impedance spectroscopy (EIS) tests in the frequency range of 100 kHz to 100
MHz were evaluated to investigate hydrogen evolution kinetics and charge transfer resistance for
the synthesized electrodes. Cyclic voltammetry (CV) test at different scan rates between 10 and
120 mV.dec! was used to calculate the electrical double layer capacity (Cdl), electrochemical
surface area (ECSA), and surface roughness factor (RF). Evaluation of the long-term durability of
NiCoMn electrode compared to HER in Cathodic extreme conditions (-500 mA.cm™) and
evaluation of the durability during overall water splitting (100 mA.cm) by chronopotentiometry
test for 150 hours and step chronopotentiometry at ten levels of current density from -50 to -500
mA.cm (duration of each level 900 seconds) for HER in 1 M KOH solution was done. Also, for
further evaluation, the stability of the NiCoMn electrocatalyst was investigated after 3000 CV
cycles in the potential range of 0 to -0.3 V with a scan rate of 100 mV s-!. In addition, for a more
accurate evaluation of the surface using the dynamic specific resistance test of the separation of
hydrogen bubbles produced during HER for 240 seconds with a frequency of 10 Hz and a potential
of -0.2 V vs. RHE to evaluate the super-aerobic property of the electrode. NiCoMn/NF and its
comparison with platinum foil was done in 1 M KOH solution. The amount of hydrogen and
oxygen gas produced by gas chromatography (Bruker GC450) at a current density of 50 mA.cm
for the NiCoMn/NF|NiCoMn/NF couple was measured based on i-t values every ten minutes and
for one hour.
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In this regard, Q is the total charge distributed in the electrocatalyst, V comprises the gas volume
obtained from gas chromatography, Vm denotes the molar volume (22.4 L.mol'!), and n is the
produced gas molar mass.

In addition, all the potentials reported in this research are reported using the following formula
based on the reversible hydrogen electrode (RHE).

Vrue = V (vs. Ag/AgCl) + V° Ag/AgCl + 0.059 pH (5)

Calculation detail of double-layer capacitance (Cdl), electrochemical surface area (ECSA),
and roughness factor (RF)



The CdlI values of prepared samples were calculated using CV curves. Therefore, CV tests were
carried out in the non-faradic potentials zone (0.75 to 0.85 V vs. Ag/AgCl) at different scan rates.
ECSA and RF values are calculated using the following equations.

Cal

ECSA = s (6)

Where Cs denotes the capacitance of a flat surface (20 uF.cm2). The RF value obtained by solving
equation (5):

Cal

RF = 0 (7)

Where C, comprises the ideal planar metal oxides capacitance (i.e., NiO) with smooth surfaces
(60 puF.cm).

Based on this, the CV test was performed at seven different scan rates including 10, 20, 40, 60, 80,
100, and 120 mV.s'! in the non-faradic potential zone on the surface of different electrodes.

Turnover frequency (TOF) Calculation

Equation (8) was used to calculate the turnover frequency (TOF) of HER at a fixed overpotential
by considering the surface area of the geometric substrate and the current density. These TOF
values were then used to generate graphs.

Total Hydrogen Turn Overs/cm2 geometric area

TOF=  Surface active sites/ cm? geometric area

(8)

The total number of evolved hydrogen bubbles is calculated in accordance with the current density
at a given overpotential on the basis of equation (7):
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Supposing that all sites at the catalyst surfaces can participate as active centers for HER, their
number is calculated as below:
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Figure. S1. Pictures of Ni foam before and after NiCoMn coating
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Figure. S2. FE-SEM images and EDS spectra for prepared electrodes, (a) NiCoMn/NF, (b)
NiCo/NF, (¢) NiMn/NF, (d) CoMn/NF, and (e) Ni/NF.
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Figure. S3. EDS-elemental mapping of NiCoMn electrode, Ni (red), Co (blue), and Mn
(yellow).
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Figure. S4. XRD pattern for NiCoMn/NF, NiCo/NF, NiMn/NF, CoMn/NF, and Ni/NF
electrodes.
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Finding optimized NiCoMn/NF electrocatalyst

In the first step, to optimize and determine the current density of DHBT deposition on the inherent
properties of the prepared samples, time was held constant at 30 s. Subsequently, linear sweep
voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) were performed. LSV and
EIS diagrams of NiCoMn/NF samples prepared at current densities of -1, -3, and -5 A.cm™ are
shown in Figure S5 a and b. As can be seen, the sample prepared at a current density of -3 A.cm-
2 exhibits the best hydrogen evolution reaction (HER) performance, with overpotentials of -61 and
-160 mV at current densities of -10 and -100 mA.cm2, respectively, and the lowest charge transfer
resistance (2.67 Q.cm?). In the second step, with the synthesis current density determined (-3 A.cm
%), optimization of different deposition times was conducted. LSV and EIS diagrams of
NiCoMn/NF samples prepared at a current density of -3 A.cm™ and times of 5, 10, 30, and 60 s
are shown in Figure S1 ¢ and d. The evaluation of HER performance according to Figure Slc
indicates that the sample prepared in 60 s, with overpotentials of -33 and -130 mV at current
densities of -10 and -100 mA.cm?2, respectively, has the best performance compared to those
prepared in 5 (-120 and -271 mV at -10 and -100 mA.cm2), 10 (-84 and -228 mV at -10 and -100
mA.cm), and 30 s (-65 and -168 mV at -10 and -100 mA.cm?). Furthermore, the NiCoMn/NF



sample prepared in 60 s exhibits the smallest charge transfer resistance (0.67 Q.cm?) compared to
the other samples prepared in 5 (5.31 Q.cm?), 10 (3.17 Q.cm?), and 30 s (2.68 Q.cm?). This
indicates high electronic conductivity of the electrode and contributes to the highest HER
performance, especially at high current densities. Due to the low overpotential of HER at different
current densities and the small charge transfer resistance, the optimal NiCoMn/NF sample
prepared at -3 A.cm? and 60 s was chosen as the target electrode to perform further
electrochemical measurements to estimate its performance for HER.
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Figure. SS. Electrochemical performance for HER in 1.0 M KOH solution with current density -
1, -3, and -5 A.cm™? at 30 s; (b) Nyquist curves of electrodes prepared at a constant time of 30s and
current densities of -1, -3, and -5 A.cm2, (¢) Electrochemical performance for HER in 1.0 M KOH
solution with a 3A current density at the times of 5, 10, 30, and 60 s; (d) Nyquist curves of
electrodes prepared in constant current density -3 A.cm™ and times of 5, 10, 30, and 60 s.



Table. S2. Comparison of catalytic parameters of NiCoMn/NF and other trimetallic-alloy

electrocatalysts for HER.

Cell
HER voltage
overpotential at Tafel required
the at 10
Preparation Electrolyte corresponding slope mA.cm? //
Catalyst method i (mV \ (I:c\-iid Stability ~ RefS
mA.cm?) (hours)

33//-10 This

NiCoMn/NF Electrodeposition 1.0 M KOH 242//-1000 44.2 1.43//300  work
NiRulr-G Hydrothermal 0.5 M H,SO4 -80//-10 48 - !
RuCoMn@NC Hydrothermal 1.0 M KOH -38//-10 34 1.63//- 2
NiFeMo/NF Hydrothermal 1.0 M KOH -45//-10 - 1.45//50 3
NiCuMn/NF Electrodeposition 1.0 M KOH -63//-10 111 1.54//24 4
NiFeRu-LDH Hydrothermal 1.0 M KOH -29//-10 31 1.52/10 3
FeraCorNive Solvothermal 1.0 M KOH 175//-10 168 15220 6
AgAuCu Solvothermal 0.5 M H,SO, -163//-10 48 - 7
NCMO@NC- 1.0OMKOH +1.0 3

450 Hydrothermal M CH,OH -220//-50 115 1.68//30
PtRhCo .
PAANFs Hydrothermal 0.5 M KOH -36//-10 48 -
CoSe@NiS&:@  y 4 othermal 1.0 M KOH -38//-10 38 ; 10
MoSe,

CoMoRu/CC Electrodeposition 1.0 M KOH -248//-100 120 - 1
Cu,CoSnS, solvent 0.5 M H,SO, -192//-10 98.6 - 12




PtNiCo HAMPs etching 1.0 M KOH -20//-10 46.3 - 13
Ni-Fe-B/NF borothermal 1.0 M KOH -63.5//-10 56.3 1.57 14
Rh-Ag-Si Hydrothermal 0.5 M H,SO,4 -120//-10 51 - 15
Rh-Au-Si solvent 0.5 M H,SO,4 -60//-10 24 - 16
PtAgCo-1I etching 0.5 M H,SOy4 -400//-705 27 - 17
MnNiCo-P/NF Electrodeposition 1.0 M KOH -14//-10 58 1.48//50 18
Pt/NiCo@C solvothermal 1.0 M KOH -130//-10 48 - 19
PlasCusalrur Hydrothermal 1.0 M KOH -54//-10 59 . 20
Pts3- Ru3oNis - 0.5 M H,SO, -37//-10 46 - 21
Pd/Cu-Pt Hydrothermal 0.5 M H,SO,4 -50//-10 25 - n
FeNi;Mo, Hydrothermal 1.0 M KOH -112//-10 109 - 23
FeCoCuP@NC Hydrothermal HOMEOH -}863////1 })0 e - 24
0.5 M H,SO, 48.8 -
NiCoCr@NF Electrodeposition 1.0 M KOH -11//-10 109 - 25
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Figure. S6. Equivalent circuits are used to fit all Nyquist curves.
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Figure. S7. CV curves for (a) NiCoMn/NF, (b) NiCo/NF, (c) NiMn/NF, (d) CoMn/NF, (e)
Ni/NF, and (f) NF electrocatalysts.
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Figure. S10. CV curves at different scan rates related to NiCoMn/NF electrocatalyst after the
HER stability test.
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Table. S2. EIS data of different samples recorded at a potential of -1.1 V vs. Ag/AgCl (-0.0746
V vs. RHE) for HER.

samples Rs (Q.cm?) CPE (F.s"l.cm?) n Rct (Q.cm?)
NiCoMn/NF-1A 1.22 0.024 0.83 15.34
30s
NiCoMn/NF-3A 1.17 0.22 0.89 2.68
30s
NiCoMn/NF-5A 1.19 0.006 0.93 7.40
30s
NiCoMn/NF-3A 1.15 0.008 0.83 5.31
Ss
NiCoMn/NF-3A 1.18 0.22 0.88 3.17
10s
NiCoMn/NF-3A 1.16 0.22 0.89 2.68
30S
NiCoMn/NF-3A 1.22 0.51 0.78 0.67
60s
NiCo/NF 1.21 0.37 0.82 3.23
NiMn/NF 1.23 0.31 0.88 3.92
CoMn/NF 1.16 0.17 0.89 6.48
Ni/NF 1.13 0.11 091 9.72

NF 1.26 0.0004 0.97 64.08




Figure. S11. FESEM (a), (b), and TEM (c) images of NiCoMn/NF After HER stability.
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Figure. S12. EDS-elemental mapping of NiCoMn/NF electrode post-HER (1.0 M KOH), Ni
(red), Co (blue), and Mn (yellow).
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Figure. S14. XRD pattern of NiCoMn/NF before and after-HER.
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Table. S3. The atomic percentages for NiCoMn/NF electrocatalyst before and after HER
stability tests obtained from FESEM-EDS and ICP-OES.

samples Ni (%) Ni (%) Co (%) Co (%) Mn (%) Mn (%)
ICP-OE FESEM- ICP-OE FESEM- ICP-OE FESEM -

S EDS S EDS S EDS
NiCoMn/NF 50.05 50.83 44.86 44.13 4.97 5.04
NiCoMn/NF 46.39 37.67 48.15 55.33 5.46 7.00

after HER
stability test




Figure. S15. Optimized structures showing (a) NiCoMn alloy and attachment of H on (b)
NiCoMn -Ni, (¢) NiCoMn -Co, (d) NiCoMn —Mn in HER.
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