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Faradaic efficiency (ng) calculation.

To evaluate the nr of an electrolyzer during water splitting, evolved gases during water splitting
were collected using a laboratory-made cell system. The volumes of evolved H, at the cathodic
electrode and O, gas at the anodic electrode were measured by cylinders at 20 mA cm for
various time periods. The volumes of the theoretically evolved H, and O, gases were estimated

using Faraday’s law:
Viheo = ]Rj
PzF (S1)
where V7., 1s the volume of the theoretically evolved gas, J is the operation current density
(mA cm), R is the ideal gas constant (R = 0.082), T is the operating temperature (K), # is the
operation time period (s), P is the operation pressure (atm), z is the e number to produce 1 mol
H;(z=2) or 1 mol O, (z=4), and F is Faraday's constant (' = 96,485 C).
Nr can be determined from the ratio of real gas (V..;) to theoretical gas (V73.,) evolving during

the reactions.

M =V geat/Vheo (S2)

DFT calculation.

DFT calculations were performed using the Vienna ab initio simulation package (VASP).!
Generalized gradient approximation (GGA) in the form of the Perdew—Burke—Ernzerhof (PBE)
functional and plane-waves up to an energy of 400 eV were used for the calculations.> A
vacuum of over 16 A was added to avoid artificial interactions between the slab and its images.

The projector-augmented wave (PAW) potentials were used to describe the ionic potentials.>#
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Grimme’s DFT-D3 van der Waals (vdW) correction based on a semi-empirical GGA-type
theory was used to correct the dispersion forces.> The structures were allowed to relax until the
Hellman-Feynman forces were smaller than 0.02 eV/A. In the calculation of the density of
states (DOS) and free energy the I'-point-centered k-point meshes used for the Brillouin zone
integrations were 2x2x2 and 4x4x1. The free energy change for H* adsorption was calculated
based on the formula proposed by Norskov et al.:%

AGy+ = Eys jsurf = Esurr — (Em2)/2 + AEzpg — TAS (S3)
where Eg+surt, Esurt, Eno, AEzpg, and AS are the total energies of the slab with H*, clean surface,
isolated hydrogen molecule, zero-point energy change, and entropy change, respectively.
Materials
Nickel (II) nitrate hexahydrate salt (Ni(NO;),-6H,0, 98%), sodium molybdate dihydrate
(Na;M004.2H,0), 5 wt% Nafion solution, Pt nanoparticles (NPs) on graphitized carbon (Pt/C,
20% Pt on Vulcan XC72, Pt < 5 nm), sodium hypophosphite (NaH,PO,), and iridium (III)
chloride hydrate (IrCl;.xH,O, 99.9%) were purchased from Sigma Aldrich Chemicals Co.
(USA). Potassium hydroxide (KOH, > 99.5%), ethanol (C,HsOH, 99.9%), hydrochloric acid
(HCl, 35.0%-37.0%), and acetone (CH3;CHO, 99%) were purchased from Samchun Co.
(Korea). Copper foam was purchased from Alfa Co. (USA). Argon, hydrogen, and methane
gases were used as the carrier, reducing, and carbon source gases, respectively. Ultra-pure
water, filtered using an EYELA Still Ace SA-2100E1 (Tokyo Rikakikai Co., Japan), was used

throughout the experiments.



Fig. S1. SEM image of Gr/Cu, (b) HR-SEM of Gr/Cu.
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Fig. S2. (a) XRD pattern of CNTs, (b) Raman spectroscopy of CNTs.
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Fig. S3. Electrochemical impedance spectroscopy of CNTs-Gr/Cu.

Fig. S4. (a) FE-SEM images of NiMo/CNTs-Gr/Cu.
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Fig. S5. (a) FE-SEM images of NiP-NiP,O,/CNTs-Gr/Cu, (b) MoP-MoP,0,/CNTs-Gr/Cu.

£ ?
% 240 ;,% 04
54 g 0.3 :
(] < | .
&EL o 02 s
(o]
2 2 0.1
-Q —_—
2 > oo | |
o 120 S 5 _
< Pore diameter (nm) oo
: .....
| e ' -
C=5 9 —e— Desorption
0 NiMo-CNTs

00 02 04 06 08 1.0
Relative Presure (P/Po)

Fig. S6. Surface area and pore size and volume analysis of NiMo/CNTs-Gr/Cu.
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Fig. S7. STEM-EDS images of Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu.
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Fig. S8. High-resolution Cls of CNTs-Gr.
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Fig. S9. (a) Overpotentials of HER at 10 and 20 mA c¢cm=2, (b) OER at 20 and 50 mA cm™.
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Fig. S10. CV at various scan rates of (a) Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu, (b) NiMoP-
NiMoP,O,/CNTs-Gr/Cu, (c¢) NiP-NiP,O,/CNTs-Gr/Cu, and (d) MoP-MoP,0,/CNTs-Gr/Cu.
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Fig. S11. Material models for DFT calculation of Ir-NiMoP, NiMoP, Ir-NiMoP,Oy and
NiMoP,0Oy, materials.
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Fig. S12. The partial density of states (PDOS) of Ir-NiMoP,O,.
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Fig. S13. AGy+ of Ni, Mo, O, P, and Ni sites of (a) NiMoP, (b) Ir-NiMoP, (c) NiMoP,O,, (d)

Ir-NiMoP,O,.
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Fig. S14. SEM images of Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu with concentrations of (a) 0.01

mM and (b) 1 mM.
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Fig. S15. (a) Linear sweep voltammetry of Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu with various

concentrations of IrCls. xH,O for HER and (b) OER.
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Fig. S16. Water electrolysis of Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu with different current

density corresponding to energy density of batteries.
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Fig. S17. (a) Photograph electrodes of Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu after stability
testing, (b) images of [rO,/Cu, Pt-C/Cu electrodes after stability, (c-d) morphology of IrO,/Cu
after stability testing, (e-f) morphology of Pt-C/Cu after post-HER.



Fig. S18. (a) TEM, (b) HR-TEM image of post-HER.

Amorphous

Fig. S19. (a) TEM, (b) HR-TEM image of post-OER.
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Fig. S20. XRD pattern of post-HER, post-OER and virgin sample of Ir-NiMoP-
NiMoOPxOy/CNTs-Gr/Cu.
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Fig. S21. High-resolution XPS of Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu: (a) Ni2P, (b) Mo3d, (c)
P2p, (d) Ols, (e) Ir4f, and (f) Cls.



In the high-resolution Ni2p XPS spectra of Ir-NiMoP-NiMoP,O,/CNT-Gr/Cu of post-HER and
-OER, there is an obvious increase in binding energy for the peak at approximately 856.6 eV,
corresponding to oxidized Ni species (Fig. S21a). In addition, a higher intensity for the oxidized
phosphate species can also be observed, confirming the oxidation of surface Ni and P.
However, after the HER test, there is an intensity decrease at approximately 856.6 eV and an
increase at approximately 854.4 eV, which can be attributed to the reduction of Ni species
(corresponding to Ni®* in the Ni-P compound). Similarly, the high-resolution Mo3d spectrum
(Fig. S21b) shows that the intensity of the Mo3d binding energy, as well as its Mo®*
components, significantly increased in the post-OER sample, implying an increase in oxidized
Mo (Mo-O) states, which also originate from oxyhydroxides. These results indicate that the
oxidation of the surface of the material related to Ni, Mo, and P synergistically boosted the
electroactive surface area, adsorption energy, and the transmittance of electrons, thereby
contributing to the OER activity. In addition, for more detail regarding the peak in HER, the

high resolution of Mo3d was immediately obvious upon the reduction of Mo®" to Mo*>* and a

3 -
slight shift in the binding energies for MoO; and PoO°y , respectively. This caused a coupled

lattice-electron distortion, which could potentially lead to enhanced electrochemical activity.
For the P2p counterpart in Fig. S21c, the high-resolution P2p spectrum shows the lower binding
energy peaks located at approximately 129.1 eV corresponding to the P2p line of NiMoP, and
another contribution at approximately 133.8 eV that can be assigned to the oxidized phosphate
species, with a slight reduction in the M-P intensity and an increase in the M-O-P and P=0O
intensities, which further confirmed the oxidation of NiMoP. The intense bands in the O 1s
spectrum at 529.5 eV reveal abundant surface hydroxyls and oxygen from Ni and Mo
oxides/hydroxides (Fig. S20d). In addition, the Ols spectrum of the post-OER sample had a
higher intensity than the virgin one, and the Ols of HER at high resolution was consistent with
an oxidation state decrease as well as modulation of the electronic structure or phase conversion
for MoOj; and PO, because of the HER (Fig. S20e). These results verified the coexistence of
Ir4f binding after stability, which was proof of stable Ir atoms in the heterophase, implying
good strength for the Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu in terms of morphology and chemical
structure, even after long-term HER and OER reaction. The carbon substrate tests were

observed from the Cls spectrum (Fig. S21f).



Table. S1. ICP-MS of Ir in the Ir-NiMoP-NiMoP,0O,/CNTs-Gr/Cu.

Samples Sample Value Ir Ir
amount (g) dissolution (ml) (ppm) (Wt%
)
Ir-NiMoP-NiMoP,O,/CNTs- 0.0264 50 1.075 ~0.1

Gr/Cu

* Sample preparation procedure
Ir: 1.075 ppm = 0.1% (1% = 10,000 ppm)
*Ippm = 1mg/L.

* Measurement of 1/10 dilution (multiplied by a dilution factor of 10 and inputting the sample
amount of 0.0264 g and final volume of 50 ml, the concentration of the first powder is

calculated as the result).



Table. S2. HER at 10 mA cm 2 with Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu and recently published

materials
Catalyst Electrolyte nof HER at  Referenc
10 (mA cm?) e

Nig 7Feo3S, 1.0 M KOH 155 7]
Co-Mo,C 1.0 M KOH 118 [8]
Ni-MoS, 1.0 M KOH 98 (9]
Co/CoP 1.0 M KOH 138 [10]

MnNi 1.0 M KOH 360 [t
Co-NRCNT 1.0 M KOH 370 [12]

MoB 1.0 M KOH 225 [13]
CoN,/carbon 1.0 M KOH 170 [14]
O-CoP 1.0 M KOH 98 [15]
Co/CNT 1.0 M KOH 117 [16]
Co@NBC 1.0 M KOH 146 [17]
Co@N-CNTs@rGO 1.0 M KOH 108 [18]
Fe-Ni@NC-CNTs 1.0 M KOH 202 [19]
Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu 1.0 M KOH 90 This work




Table. S3. Comparison of OER at 20 mA cm for Ir-NiMoP-NiMoP,O,/CNTs-Gr/Cu and

materials reported in recent publications.

Catalyst Electrolyte n of OER at Referenc
20 (mA cm?) e
MnO/C 1.0MKOH 329 [20]
Co/NBC 1.0 M KOH 490* (171
NiCoP 1.0MKOH 330 (21]
NiCo LDH 1.0 M KOH 367 [22]
Co-P 1.0OMKOH 370 (23]
MnNi, Oy 1.0 MKOH 450" [
0O-CoMoS 1.0MKOH 286 [24]
NiCoS 1.OMKOH 234 23]
NiFe,0,4 1.OMKOH 329 [26]
FeNi;S,/FeNi 1.0 M KOH 330* [27]
Ir-NiMoP-NiMoP,0,/CNTs-Gr/Cu 1.0OMKOH 220 This work

# (Value was calculated from the curves shown in the literature.)
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