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Experimental Section

Materials

All chemical reagents were purchased from Sigma—Aldrich and used without further purification.
Silk textile was purchased from Coasilk (Republic of Korea), and Ni foam was purchased from

Goodfellow Cambridge Ltd. (United Kingdom).
Preparation of the CST

The silk textile was first washed with deionized water and dried in an oven. It was then carbonized
by heating to 950 °C at a rate of 3 °C min! and holding for 3 h in a furnace under a flow of nitrogen

gas. After carbonization, the resulting CST was naturally cooled to room temperature.
Preparation of the COOH—CST and NH,—CST

The CST was first oxidized by strong acid treatment with H,SO4/HNO; at 70 °C for 2 h to form
COOH-CST. After treatment, COOH—CST was washed with deionized water and dried in an oven.
Then, COOH-CST was immersed in a tris(2-aminoethyl)amine (TREN, 5 mg mL™! dispersed in

ethanol) solution for 3 h to prepare NH,—CST.
Preparation of the EP Ni-CST

The as-prepared NH,—CST was immersed in a Watt bath (240 g L™! NiSOy, 45 g L"! NiCl, and 30 g
L' H3BO3).5! NH,—CST served as the cathode, and a nickel plate was used as the anode. Ni
electroplating was performed at a current density of 360 mA c¢cm2 for 5 min using a power supply.
Then, the electroplated sample was washed in deionized water and dried at room temperature (Ni

loading amount: 40.6 mg cm™).

Preparation of the CR Ni-CST



Electroless (EL) Ni was deposited on NH,—CST according to a reported procedure.S? NH,—CST was
first immersed in a sensitizing solution (0.05 M SnCl,-2H,0 and 0.15 M HCI) and a PdCl, solution
(0.6 mM PdCl, and 0.03 M HCI) and washed three times with deionized water. Then, 45 g L!
NiSO4-6H,0, 240 g L ! NaH,PO,-H,0, 30 g L™! NaC4H507-2H,0 and 50 g L' NH,CI] were mixed
together at room temperature and adjusted to pH 9 using NH,OH. After increasing the temperature
of the solution to 80 °C, the NH,—CST substrate was immersed in the above mixture, and the mixture
was stirred for 30 min. After the reaction, the sample was repeatedly washed with deionized water

and dried at room temperature.
Preparation of the EP NiFeCo—CST

A NiFeCo layer was deposited on the prepared EP Ni—CST electrode from an aqueous electrolyte
bath containing 3 mM Ni(NO3),-6H,0, 3 mM Fe(NO;);-9H,0 and 3 mM Co(NO;);-6H,0. The one-
step NiFeCo electroplating process was performed at a current density of 30 mA c¢cm2 for 10 min
using a power supply. The EP Ni—CST was used as the cathode, and a nickel plate was used as the
anode. After electrodeposition, the coated electrode was washed three times with deionized water and

dried (NiFeCo loading amount: 2 mg cm™1).
Preparation of the hydrothermal NiFeCo-CST

Hydrothermal deposition of NiFeCo on EP Ni-CST was conducted according to the reported
procedure with a slight modification.33 Specifically, 4 mmol Ni(NO;),6H,0, 0.45 mmol
Fe(NO;);-9H,0, 0.45 mmol Co(NO3);-6H,0, 20 mmol urea and 8 mmol NH4F were dissolved in 80
mL of deionized water with magnetic stirring. Then, the obtained solution was transferred into a 100
mL Teflon-lined stainless-steel autoclave, and the cleaned EP Ni—CST was immersed into the
solution. The autoclave was sealed and maintained at 120 °C for 3 h, and then the electrode was

washed with deionized water and dried at 60 °C for 12 h.

Preparation of the EP NiFe-CST



A NiFe layer was deposited on the prepared EP Ni—CST electrode from an aqueous electrolyte bath
containing 3 mM Ni(NO;),-6H,0 and 3 mM Fe(NO;);-9H,0. The one-step NiFe electroplating
process was performed at a current density of 30 mA ¢cm™2 for 10 min using a power supply. The EP
Ni—CST was used as the cathode, and a nickel plate was used as the anode. After electrodeposition,

the electrode was washed three times with deionized water and dried.

Preparation of the Pt/C electrodes

Pt/C electrodes were prepared by dispersing 1 mg of Pt/C (20 wt.% Pt on Vulcan XC-72) in 300
uL of an EtOH solution containing 10.5 pL of 5 wt.% Nafion.5* This resulting catalyst ink solution
was deposited onto the CST or commercial Ni foam (0.5 x 0.5 cm?) and then dried at room

temperature.

Preparation of the IrO, electrodes

IrO, electrodes were prepared by dispersing 1 mg of IrO; in 300 pL of an EtOH solution with 10.5
pL of 5 wt.% Nafion.5* This IrO, catalyst ink solution was loaded onto the CST or commercial Ni
foam (0.5 x 0.5 cm?) in the same manner as the Pt/C electrode described above and then dried at room

temperature.

Characterization

Raman spectroscopy was performed using a Horiba Jobin Yvon instrument. Water contact angles
were determined by means of a Phoenix 300 instrument (S.E.O. Co., Ltd.). The crystallinities of the
CST, EP Ni—CST, CR Ni—CST, and hydrothermal NiFeCo—CST surfaces were analyzed by X-ray
diffraction (XRD), which was performed on a SmartLab instrument (Rigaku) with a Cu Ka radiation
source. All the HR-TEM and the EDX mapping images were obtained using a FEI Titan Themi-3
Double Cs & Mono TEM equipped with the Chemi-STEM technology. The X-ray photoelectron
spectroscopy (XPS) results of the electrodes were obtained using an XPS instrument (X-TOOL,

ULVAC-PHI) with an Al Ka radiation source. All of the XPS spectra were corrected by calibrating
4



all peaks to the major C-C/C-H binding energy. The Fourier transform infrared (FTIR) spectroscopy
results of CST, COOH—-CST, and NH,—CST were obtained with a Cary 600 spectrometer (Agilent
Technology) operated at a 4 cm™! resolution in attenuated total reflectance (ATR) mode, and the
obtained data were plotted by means of spectral analysis software (OMNIC, Nicolet). Scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) images were obtained
via field-emission SEM (FE-SEM) (Quanta 250 FEG, FEI). The Brunauer—-Emmett—Teller (BET)
specific surface areas of the electrodes were measured via N; (99.999%) adsorption at 77 K

(Autosorb-iQ & Quadrasorb SI).

Electrochemical characterization

All electrochemical measurements, including the polarization curves, cyclic voltammetry curves, and
electrochemical impedance spectroscopy (EIS) measurements, were conducted with an Ivium-n-Stat
electrochemical workstation (Ivium Technologies). For measurements in the three-electrode cell
system, a Pt mesh and a reversible hydrogen electrode (RHE) were used as the counter and reference
electrodes, respectively, and the electrolyte was 1 M KOH (pH = 14). The OER and HER catalytic
activities were measured by linear sweep voltammetry at scan rates of 2 mV s~! with iR compensation.
All reported current densities were based on the geometric surface area of the electrodes. The EIS
measurements were performed with a biased working electrode at frequencies from 100 kHz to 0.01
Hz and potentials of 1.5 V (vs. RHE) for the OER and —0.1 V (vs. RHE) for the HER. In this case,
the semicircle diameter indicates the charge transfer resistance (R.;), which can be used to evaluate
the charge transfer kinetics on the surface of the electrode. The starting point on the x-axis for the
semicircle represents the series resistance (R;), which is the sum of the ionic resistance of the
electrolyte, the intrinsic resistance of the active material and the contact resistance at the active

material/current collector interface.



Inductively coupled plasma mass spectrometry (ICP-MS, Agilent Technologies 7700) was
performed to detect the amount of Ni ions dissolved in the electrolyte after the HER and the amounts
of Ni, Fe, and Co ions dissolved in the electrolyte after the OER.

The Faradaic efficiency of water splitting was measured by the eudiometry method in an
experimental setup. The working electrode was fixed on the inside of an inverted burette filled with
electrolyte. All the metal wires connecting the working electrode were coated with insulating epoxy
to prevent charge loss from the side reactions. The evolved gases were directly collected in the
headspace of the inverted burette, and the corresponding gas volume was determined by the
displacement of the vertical water column. Based on this method, the Faradaic efficiency was
calculated by comparing the amount of evolved gas with the theoretical amount of gas, which was
calculated by the charge passed through the electrode:

experiment Vexperiment

%4

Faradaic efficiency (H,) = =
theoretical 2 _Q

-X=XV
4 F " (1)
experiment Vexperiment
Faradaic ef ficiency (0,) = % —=7 7
theoretical x = x Vm
4 F )

where F is the Faraday constant (96,485 C mol™!), Q is the summation of the charge passed through
the electrodes, the number 4 represents 4 moles of electrons per mole of H,O, the number 2 represents
2 moles of H, per mole of H,O, the number 1 represents 1 mole of O, per mole of H,O and V,, is the

molar volume of gas (24.5 L mol™!, 298 K, 101 kPa).%>

DFT calculation

Spin-polarized DFT calculations were performed to theoretically compare the catalytic efficiency of
three different kinds of OER electrode system (NiOOH, NiFeOOH, and NiFeCoOOH). All DFT

computations were based on plane wave and PBE-GGA functional with ultrasoft pseudopotential



using CASTEP.5¢ The Hubbard approach was employed by the effective U-J terms having 5.5 eV,
3.3 eV, and 3.3 eV for Ni, Fe, and Co, respectively, taking into account errors from Coulombic

repulsion between the electrons in the d-shell.57-5!! The model for NiOOH catalytic surfaces were
prepared from B-NiOOH bulk crystal cleaved at (01 i5) plane, a higher Miller-index surface, which

was considered to be catalytically more active because the transition metal atoms are not fully

coordinated.5!'?813 The Fe- and FeCo-doped NiOOH catalytic surfaces were then prepared by
replacing 4 Ni atoms (out of the total 10 Ni atoms in the model B-NiOOH(0115) surface) to 4 Fe

atoms for the model NiFeOOH, surface, and to 2 Fe and 2 Ni atoms for the model NiFeCoOOH,
surface (Fig. S22 (a)-(c)) where Fe atom on the topmost layer for NiFeOOH, and NiFeCoOOH was
assumed to be active site for OER.5!45!5 In addition, a 13 A-thick vacuum layer was introduced in
each of catalytic surfaces to prevent the interaction between periodic images of neighboring
supercells. For these prepared slabs, 3x3x1 Monkhorst-Pack k-point meshes were used to sample the
Brillouin-zone with the convergence of energy within 0.0015 eV. Broyden-Fletcher-Goldfarb-
Shanno algorithm were also employed for geometry optimization with the convergence criteria of the
maximal force on each atom less than 0.025 eV/A. The Gibbs free energy changes of each step of

OER cycle under alkaline condition were computed according to ref. S16. 51
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Fig. S7. FE-SEM images and energy-dispersive X-ray spectroscopy (EDX) mapping images of CR
Ni—CST prepared from NH,—CST.

14



Fig. S8. Cross-sectional FE-SEM image and EDX mapping images of CR Ni—CST prepared from
NH,—CST.
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isotherms, and Barrett-Joyner-Halenda (BJH) pore size distributions of (a) EP Ni—CST, (b) CR
Ni—CST and (c¢) commercial Ni foam. In this case, the pore size in the EP Ni-CST was distributed
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times higher than that of Ni foam (0.5 m? g™!). This increased specific surface of the EP Ni-CST was

mainly attributed to the large amount of Ni protrusions created during the electroplating.
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Fig. S14. Cyclic voltammetry curves of EP Ni—CST at a scan rate of 1 mV s! in 1 M KOH. In this
case, the EP Ni—CST did not show any anodic or cathodic peaks except only negligible hysteresis in

the given potential range, which implied the absence of parasitic reduction in the given potential

range.
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Fig. S15. Detailed Tafel slope analysis in a wide range of HER overpotentials. The EP Ni-CST
exhibited Tafel slope of 31.8 mV dec! in the low overpotential range (< 35 mV), which implied that
the Tafel step was the rate-limiting step. On the other hand, in high overpotential range (>150 mV),
the EP Ni-CST showed Tafel slope of 97.1 mV dec™, indicating that the rate-limiting step is closely

related to Volmer step. 521,522
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Fig. S18. (a) Sheet resistance and electrical conductivity of EP Ni—CST as a function of electroplating
time at a current density of 360 mA cm 2. (b) Electrochemical impedance spectroscopy (EIS) plots
of the HER electrodes recorded at an applied potential of —0.1 V vs. RHE. (c¢) HER polarization
curves of the EP Ni—CST electrodes in a 1 M KOH electrolyte. In this case, the electrical conductivity
of Ni electroplated for 5 min onto the NH,—CST (5 min-EP Ni—CST) was estimated to be
approximately 476.2 S cm’!, which was higher than those of 1 min-, and 3 min-EP Ni—CST.
Furthermore, the 5 min-EP Ni—CST electrodes exhibited much lower charge transfer resistance (R,,)
of 9.5 Q cm? than those of other electrodes. That is, the increased electrical conductivity of the EP
Ni—CST was closely related to the enhancement of charge transfer efficiency during HER, which

could lead to high electrocatalytic activity.
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media.5?3 Herein, M means the active site. (¢) Calculated Gibbs free-energy diagram of OER on Ni
(black line), NiFe (blue line), and NiFeCo (red line).5!¢ Considering that the rate determining step is
determined by the largest Gibbs free energy difference, the rate determining step of Ni, NiFe, and
NiFeCo correspond to step 2, 3, and 2, respectively. Particularly, the Gibbs free energy difference
values of Ni (1.7 eV) and NiFe (1.53 eV) are larger than that of the NiFeCo (1.51 eV), which
demonstrate that the NiFeCo needs a lower overpotential to drive the OER. As a results, the NiFeCo
can operate as more active catalytic sites, boost OER catalytic activity, and optimize the adsorption

of *OH and *O intermediates.
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Fig. S23. Projected density of states (PDOS) curves of d-orbital for Ni, NiFe and, NiFeCo-based
catalyst. Dashed lines colored black, blue, and red represent d-band center (E,;) for Ni, NiFe and, NiFeCo-
based catalyst, respectively. The bandgap between valence and conduction bands of NiFeCo was
calculated to be approximately 0.188 eV, and on the other hand the bandgaps of NiFe and Ni were
approximately 0.233 eV and 1.360 eV, respectively. These results show that the electrical
conductivity of NiFeCo catalyst is higher than those of Ni and NiFe catalysts. Furthermore, the £,
of the NiFeCo is shifted to the higher energy (-2.67 eV) compared to those of NiFe (-2.82 eV) and
Ni (-3.65 eV), which means that the NiFeCo has a narrower energy gap between d-band center
(E;) and Fermi level (Er) than NiFe and Ni. These results evidently show that the NiFeCo can
further effectively regulate the electronic structure through the additional doping of Fe and/or Co
within Ni, which can optimize the adsorption properties of intermediate reactants during

electrocatalytic process.

31



(a) (b)

20 600 B
—e— EP Ni-CST —e— EP Ni-CST
—e— EP NiFe-CST 500 - —e— EP NiFe-CST
__ 15| —e— EP NiFeCo-CST —e— EP NiFeCo-CST
o & 400
= £
= 10 < 300
G
- R :37.6 Qcm? E
N | Ra:3.8Qcm? =
Ri: 5.7 Qcm? 100
at15V
0 A < 0
0 5 10 15 20 12 13 1.4 15
2 5
Z'(Qcm™) Potential vs. RHE (V)

Fig. S24. (a) EIS plots of the OER electrodes recorded at an applied potential of 1.5 V vs. RHE.
(b) OER polarization curves of the EP Ni-CST, EP NiFe—CST and EP NiFeCo—CST electrodes in
a 1 M KOH electrolyte. Based on PDOS data (Fig. S23), we additionally confirmed that the R, of
the EP NiFeCo—CST was measured to be approximately 3.8 Q cm2, which is extremely lower than
those of the EP NiFe—CST (R.,=5.7 Q cm?) and EP Ni-CST (R, = 37.6 Q cm™?). It could be attributed
to that proper Fe and Co doping into Ni could not only enhance the electrical conductivity but also

make the more favorable charge transfer process during OER, which induce high electrocatalytic

activity.
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Fig. S25. Planar FE-SEM images of EP NiFeCo—CST as a function of electroplating time at 30 mA

cm 2.
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Fig. S26. Cross-sectional FE-SEM images and EDX mappings of EP NiFeCo—CST (the inset shows
the thickness of the NiFeCo/Ni layer).
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Fig. S27. Planar FE-SEM image of EP NiFeCo—CST.
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Fig. S28. Mechanical stability tests for the EP NiFeCo—CST. Relative electrical conductivity (o/cy)

of the electrode as a function of bending cycling number (bending radius of ~ 0.6 cm).
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Fig. S29. (a) XPS survey spectra of EP NiFeCo—CST. High-resolution XPS spectra of (b) Ni 2p,
(¢) Fe 2p and (d) Co 2p for the EP NiFeCo—CST.524-526
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Fig. S30. XPS spectra of (a) Ni 2p of EP Ni—, EP NiFe—, and EP NiFeCo—CST electrodes and (b) Fe
2p of EP NiFe—, and EP NiFeCo—CST electrodes. In general, the shift of XPS peak in the doped
sample reflects a change in electronic configuration and electron transfer between cations,
indicating the existence of electronic interaction between neighboring elements after doping.5?’
As shown in Fig. S30a, the Ni 2p;,, peak of EP NiFeCo—CST was shifted to the lower binding energy
(~0.4 eV) compared to those of EP Ni—, EP NiFe—CST. The larger electronegativity of metal element
can induce the formation of the more active metal element, which resultantly can more strongly attract
electrons. These phenomena were consistent with the previous results that the XPS peak for Ni in EP

NiFeCo—CST was shifted to the lower binding energy.5?’

On the other hand, the Fe 2p spectrum of EP NiFeCo—CST exhibits the two distinct peaks Fe
2p1; and Fe 2p;.,, indicating that the Fe 2p peaks were shifted to the higher binding energies (~0.35
eV) compared to EP NiFe-CST (Fig. S30b). These peak shifts were mainly due to the charge
redistribution at the Ni and Fe atomic sites, implying that the strong electronic interactions among
Ni, Fe, and Co lead to the optimal adsorption energy of reaction intermediates for improving catalyst

performance.5S?®
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Non-coating Area

Fig. S31. (a) Planar FE-SEM images for the hydrothermal NiFeCo—CST. (b) Cross sectional FE-
SEM image and corresponding EDX maps for the hydrothermal NiFeCo—CST.
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Fig. S33. OER CV curve of EP NiFeCo—CST in 1 M KOH. The anodic sweep exhibits a broad
oxidation peak at approximately 1.28 V vs RHE. In general, the pure Ni(OH), has an oxidation peak
at 1.3-1.4 V vs RHE, which are attributed to the transformation between Ni(OH), and NiOOH
(Ni(OH), + OH™ <> NiOOH + H,O + ¢") in alkaline electrolytes.53* Furthermore, the pure Co(OH),
has two oxidation peaks at 1.22 V and 1.41 V vs RHE, which are attributed to i) the transformation
between Co(OH), and CoOOH (Co(OH),+ OH™ «» CoOOH + H,0 + ¢"), and ii) the Co**/Co*" redox
couple in alkaline electrolyte.53:532 However, in the case of the EP NiFeCo—CST, it has only one

broad oxidation peak as mentioned above. This reason can be explained as follows.

As Fe is incorporated into the Co matrix, the position of the redox peak (Co(OH), <
CoOOH) is changed from 1.22 V (i.e., pure Co(OH),) to 1.28 V with increasing the content of Fe.
Furthermore, it has been reported that the second oxidation peak (at 1.41 V) originating from the
Co**/Co*" redox couple significantly decreases with increasing the Fe content.S33 Particularly, F.
Dionigi et al. have reported that the CoFe LDH has a main oxidation peak at 1.35 V vs RHE and the
corresponding peak occurs clearly prior to the onset of OER.33? Thus, the EP NiFeCo—CST has a
broad oxidation peak by Co and Fe. To minimize the effect of the redox peak, the OER performance

was investigated at a higher current density (> 50 mA cm?) than 10 mA cm™.
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Fig. S34. OER polarization curves recorded with EP NiFeCo—CST and CR Ni—CST electrodes in a
1 M KOH electrolyte at a scan rate of 2 mV s,
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Fig. S35. (a) Raman spectra of EP NiFeCo—CST and (b) Hydrothermal NiFeCo—CST. (c) ICP-MS

data of electrolyte (KOH) after oxygen evolution reaction (OER).
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Fig. S36. Comparison of ECSA data of the electrodes. CV curves recorded in the non-faradaic
region (0-0.05 V) at different scan rates (5, 10, 20, 50 and 100 mV s™!) for (a) EP NiFeCo-CST
and (b) hydrothermal NiFeCo—CST. (¢) Double-layer capacitance (Cq) for the electrodes measured

at different scan rates.
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Fig. S37. Chronopotentiometry curve of hydrothermal NiFeCo—CST at 1000 mA cm™2.
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Fig. S38. Polarization curves of the Pt/C/CST || IrO,/CST and Pt/C/Ni foam || IrO,/Ni foam

electrodes for water-splitting performance.
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Fig. S39. The photograph image of experimental set-ups of water displacement for collection of the

evolved gas.
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Fig. S40. Chronopotentiometry curve for EP Ni-CST || EP NiFeCo—CST electrodes recorded at 2000
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Fig. S41. Stability test of the electrodes. (a) Chronopotentiometry curve for CR Ni—CST ||
Hydrothermal NiFeCo—CST cell, and (b) Pt/C/Ni foam || IrO,/Ni foam cell obtained at current
density of 10, 50, and 100 mA cm™2,
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Fig. S44. Reproducibility of the (a) HER (EP Ni—CST electrodes), (b) OER (EP NiFeCo—-CST
electrodes), and (c) overall splitting (EP Ni—CST”EP NiFeCo—CST electrodes) performance. (d)
Overpotentials obtained from HER and OER polarization curves, and (e) cell voltages obtained from

overall water-splitting polarization curves of our electrodes.
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Fig. S45. (a) The photographic images of NH,—CST, EP Ni—-CST and EP NiFeCo-CST. (b)
Polarization curves and (c) the photographic image of the EP Ni-CST || EP NiFeCo—CST electrodes.

53



(a) (b)

400 600 =
—— EP Ni-CSTin 1 M KOH —— EP NiFeCo-CST in 1 M KOH
200  —— EP Ni-CST in 30 wt.% KOH 500 | —— EP NiFeCo-CST in 30 wt.% KOH
& 0r < 00}
: ;
-200
300 |
< <
E o0t E
~— ~ 200 |
I-\ 'ﬁ
-600 -
100 |
-800
1 1 [ | 1 o T 1 1 1
0.4 -0.3 0.2 -0.1 0.0 1.2 1.3 1.4 1.5 1.6 1.7
Potential vs. RHE (V) Potential vs. RHE (V)
(c) (d)
£ J : : :
— EP Ni(—) | EP NiFeCo/Ni(+) g i ' |
500 L = Raney Ni(-)|| Raney Ni(+) S 20¢
-, 11000 mA cm?
(1] o | 400mA cm
b 400 - oy 154
g ;
300 g
< — 10}
£ ©
~ 200 | =
R 5
05
100 | °
In 30 wt.% KOH, at60°C | O In 30 wt.% KOH, at 60 °C
0 1 0.0 1 1
1.2 1.4 16 1.8 2.0 0 100 200 300 400
Voltage (V) Time (hours)

Fig. S46. (a) HER polarization curves of the EP Ni—CST electrodes. (b) OER polarization curves of
the EP NiFeCo—CST electrodes. (c¢) Polarization curves of the EP Ni—CST || EP NiFeCo-CST
electrodes and conventional water-splitting electrodes (Raney nickel/Ni foam) measured in a 30 wt.%
KOH electrolyte at 60 °C. (d) Chronopotentiometry curves of the EP Ni—CST”EP NiFeCo—CST
electrodes (at 50, 200, 400, and 1,000 mA c¢cm™?) measured in a 30 wt.% KOH electrolyte at 60 °C. In
this case, Raney nickel/Ni foam electrodes were prepared by drop-casting and the catalyst loading

amount was 0.84 mg cm.
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Table S1. Atomic composition ratio data of COOH—-CST.

Atomic composition (%)

aCST COOH-CST
C 90.2 73.3
O 6.9 22.7
N 2.5 3.6

a CST: Carbonized silk textile
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Table S2. Performance comparison of Ni-based HER electrodes.

Overpotential Tafel plot

HER catalyst Method (mV) (mV dec’) Reference
Carbonization/
interfacial
EP Ni-CST assembly- 12 @10 mA cm 31.8 Our work
driven
electroplating
Nis;CosMo-OH Chloride 5
nanosheets/Ni foam corrosion 52 @10 mA em >9 [534]
109 @10 mA
Mo-Ni;S,/Ni,Py/Ni cm 2
foam Solvothermal 128 @20 mA 68.4 [S36]
cm 2
. . 22 @10 mA cm™
Ni/NiFeMoO,/Ni Hydrothermal 117 @100 mA 76 [S39]
foam 5
cm
64 @10 mA cm™2
NizsN-VN/
commercial Ni foam Hydrothermal 218 @100 mA 37 [540]
cm™?
55 @10 mA cm ™2
Ni-Fe-MoN NTs Hydrothermal 199 @100 mA 109 [S41]
cm 2
Ni-Co-P HNBs® Microwave 107 C@ml_g mA 46 [S45]
Ni/Mo,C-NCNFgb ~ Flectrospinning, 143 @10 mA 57.8 [S48]
carbonization cm
NiFeOx@NiCu Solvothermal 66 @10 mA cm™2 67.8 [S49]

a) HNBs : hollow nanobricks

b) NCNFs : nitrogen-doped carbon nanofibers
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Table S3. Performance comparison of Ni-based OER electrodes.

i Tafel plot
OER catalyst Method Overpotential P 1 Reference
(mV) (mV dec )
Carbonization/
interfacial
. 186 @50 mA cm2
EP NiFeCo-CST asse¥nbly- 196 @100 mA cm-2 30.9 Our work
driven
electroplating
NisCosMo-OH .
nanosheets/Ni Chloride 304 @100 mA cm 2 56.4 [S34]
corrosion
foam
Ni,P-CuP,/CNT®/ Chemical vapor 190 @50 mA c¢cm™2 47 (S35]
Graphene/Ni foam deposition 300 @100 mA cm 2
Mo-
: . . 238 @50 mA cm™?
Ni3S,/NiPy/Ni Solvothermal 270 @100 mA cm™ 60.6 [S36]
foam
Ni/NiFeMoO,/Ni 255 @10 mA cm ™2
foam Hydrothermal 289 @100 mA cm™ 35 [S39]
Ni,P-VPy/ 306 @50 mA cm 2
commercial Ni Hydrothermal 49 [S40]
foam 398 @100 mA cm 2
228 @10 mA cm™?
Ni-Fe-MoN NTs Hydrothermal 41 [S41]
305 @100 mA cm 2
Ni-Co-P HNBs Microwave 270 @10 mA cm™ 76 [S45]
Ni/Mo,C-NCNFs Electrospmmng 288 @10 mA cm™ 73 4 [S48]
©) , carbonization
Ni-Fe Solvothermal _2
LDH@NiCu 218 @10 mA cm 56.9 [S49]

a) CNT : carbon nanotube

b) HNBs : hollow nanobricks

¢) NCNFs : nitrogen-doped carbon nanofibers
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Table S4. Performance comparison of Ni-based overall water splitting electrodes.

HER catalyst OER catalyst Method Voltage Referenc
(Cathode) (Anode) V) e
Carbonization/inter
EP Ni—CST EP NiFeCo—CST facial a'ssembly- 1.37 @1_0 Our
driven mA cm™? work
electroplating
. . Chemical vapor 1.42 @10
FeP/Ni,P FeP/Ni,P deposition mA om-2 [S22]
Ni;CosMo-OH Ni;CosMo-OH 1.43 @10
nanosheets/Ni nanosheets/Ni Chloride corrosion ) - [S34]
mA cm
foam foam
Ni,P-CuP,/CNT®/  Ni,P-CuP,/CNT/ Chemical vapor 1.45 @10 (S35]
Graphene/Ni foam  Graphene/Ni foam deposition mA cm 2
Mo- Mo-
Ni3S,/NiPy/Ni Ni3S,/NiPy/Ni Solvothermal 146 @ 1,(2) [S36]
mA cm
foam foam
N-Ni3S,/Ni foam N-Ni3S,/Ni foam  Thiourea calcination 1.48 @1,(2) [S37]
mA cm
FeNi-MOF/Ni FeNi-MOF/Ni Solvothermal 1.495 @}20 (S38]
foam foam mA cm
Ni/NiFeMoO,/Ni Ni/NiFeMoO,/Ni Hydrothermal 1.5 @l 92 [S39]
foam foam mA cm
NizN-VN/ Ni,P-VP,/ 151 @10
commercial Ni commercial Ni Hydrothermal ) L [S40]
mA cm
foam foam
Ni-Fe-MoN NTs Ni-Fe-MoN NTs Hydrothermal 1513 @_120 [S41]
mA cm
Ni,N- . )
NiMoN/Carbon Ni,N-NiMoN/ Hydrothermal 154 @ 1_(2) [S42]
Carbon cloth mA cm
cloth
NiFe/Cu NW/Cu  NiFe/Cu NW/Cu Electroplating 154@lo [543
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foam

Ni;(HPO3)s(OH)g
/Ni foam

Ni-Co-P HNBs ©

NlCOzS4 NW/ Ni
foam

Ni-Fe-O Nw®

Ni/Mo,C-NCNFs
d)

foam

Ni;(HPO3)s(OH)g
/Ni foam

Ni-Co-P HNBs

N1C0284 NW/ Ni
foam

Ni-Fe-O Nw

Ni/Mo,C-NCNFs

Hydrothermal

Microwave

Hydrothermal

Chemical dealloying

(NaOH)

Electrospinning,
carbonization

mA cm2

1.6 @10
mA cm2

1.62 @10
mA cm 2

1.63 @10
mA cm™2

1.64 @10
mA cm2

1.64 @10
mA cm 2

[S44]

[S45]

[S46]

[S47]

[S48]

a) CNT : carbon nanotube

b) NW : nanowire

¢) HNBs : hollow nanobricks

d) NCNFs : nitrogen-doped carbon nanofibers

59



Table S5. Durability comparison of Ni-based overall water splitting electrodes.

Current
HER OER density Durability Referenc
catalyst catalyst Method (mA cm (hour) o
(Cathode) (Anode) 2)
Carbonization/inter

EP facial assembly- > at least Our

EP Ni-CST  NiFeCo-CS DSEMIDIY™ 2000
driven 1640 h work
T .
electroplating
) ) Chemical vapor
FeP/Ni,P FeP/Ni,P . 500 40 h [S22]
deposition

Ni5CO3MO- Ni5CO3MO-
OH OH . .
nanosheets/ nanosheets/ Chloride corrosion 100 100 h [S34]
Ni foam Ni foam
N-NigS/Ni N-NBS/N -y rea calcination 20 8h [S37]
foam foam
FeNi- FeNi-
MOF/Ni MOF/Ni Solvothermal 500 100 h [S38]
foam foam
Ni/NiFeMo Ni/NiFeMo
O,/Ni foam O,/Ni foam Hydrothermal 500 100 h [S39]
Ni;N-VN/ Ni,P-VP,/
commercial commercial Hydrothermal 10 100 h [S40]
Ni foam Ni foam
Ni-Fe-MoN Ni-Fe-MoN
NTs NTs Hydrothermal 360 45 h [S41]
Ni,N- Ni,N-
NiMoN/Car  NiMoN/ Hydrothermal 10 20 h [S42]
bon cloth Carbon cloth
NiFe/Cu NiFe/Cu
NW 3/Cu NW/Cu Electroplating 100 24 h [S43]
foam foam
Nijj(HPOs)g  Nij(HPOs)g Hydrothermal 10 100 h [S44]
(OH)g/Ni (OH)g/Ni
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foam foam

Ni-Co-P Ni-Co-P

HNBs HNBs Microwave
NiCOzS4 NiCOzS4
NW/Ni NW/Ni Hydrothermal
foam foam

. . Chemical dealloying
Ni-Fe-O Nw  Ni-Fe-O Nw (NaOH)
Ni/Mo,C- Ni/Mo,C- Electrospinning,
NCNFs© NCNFs carbonization

10

10

10

10

20 h

50h

10 h

100 h

[S45]

[S46]

[S47]

[S48]

a) NW: nanowire
b) HNBs : hollow nanobricks

¢) NCNFs : nitrogen-doped carbon nanofibers
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Table S6. Ni, Fe, and Co atomic ratio of large area EP NiFeCo—CST electrode.

Atomic ratio

1 2 3

Ni:Fe:Co 1:0.98:0.97 1:1.01:0.96 1:1.07:0.92
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