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Materials 

All Chemicals and materials in this work were used without further purification. Lysine 

(Merck, 95%), Cobalt (II) chloride (CoCl2. 6H2O, Sigma Aldrich 98%), Ammonium 

heptamolybdate ((NH4)6Mo7O24, Sigma Aldrich 98%), disodium hydrogen phosphate 

(Na2H2PO4, Sigma Aldrich, 98%), urea (CH4N2O, Sigma-Aldrich, 98%), potassium 

phosphate tribasic (K3PO4, Sigma Aldrich, 99%), hydrochloric acid (HCl, Merck, 37%), 

KOH (Sigma-Aldrich, 90%), ethanol (C2H5OH, Merck, 99%), acetone (C3H6O, Merck). 

Deuterated electrolytes were prepared using D2O (Sigma-Aldrich, 99.9 atom % D). All 

solutions were prepared with deionized water.

Electrochemical measurements

The electrochemical measurements were carried out in aqueous KOH (1.0 M) using Ni foam 

directly as the working electrode without polymeric binder or conductive additives, a 

platinum rod as the counter electrode, and a silver/silver chloride electrode (Ag/AgCl) as the 

reference electrode. All the measured potentials were converted to RHE, ERHE = EAg/AgCl + 

0.059 pH + 0.198 V. To evaluate the OER activities of the as-papered catalyst, the steady 

state voltammograms were recorded at a scan rate of 1 mV s-1. Chronopotentiometric 

measurements were carried out with the same experimental setup without IR correction. 

Electrochemical impedance spectroscopy (EIS) was performed by applying an alternating 

voltage with an amplitude of 5 mV in frequency ranges of 0.01 Hz-100 kHz.

Synthesis of NF/CoMoO4

The CoMoO4 was synthesized by a simple hydrothermal reaction. Prior to synthesis, the 

nickel foam (NF) was purified by soaking it in 3 M HCL for 30 minutes to remove all oxide 

layers from the surface of the NF. It was then ultrasonically rinsed with ethanol, acetone, 

and deionized water for 30 minutes and dried at 60 °C overnight. According to the previously 

reported method 1. Typically, 0.7 g CoCl2-6H2O and 0.7 g (NH4)6Mo7O24 were mixed in 30 

mL deionized water with vigorous stirring for 20 minutes. The NF (1×3 cm) was placed 

upright on the wall of a 50 mL Teflon-coated stainless-steel autoclave. The resulting solution 

was transferred to the autoclave to immerse the NF and heated at 130 °C for 13 hours. After 

the autoclave had cooled down to room temperature, the NF coated with the violet product 

was washed 3 times with deionized water and ethanol and dried overnight at 50 °C.
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Synthesis of amorphous NF/CoMoP

Amorphous-CoMoP were synthesized by a hydrothermal technique. First, the reaction 

solution was prepared from 0.5 g disodium hydrogen phosphate (Na2H2PO4) in 30 ml of 

deionized water with magnetic stirring. The solution contain of the NF/CoMoO4 piece was 

transferred to the Teflon-lined 50 ml stainless steel autoclave and heated at 140 °C for 6 

hours. This step leads to the apparent change of the NF/CoMoO4 morphology.

Electropolymerization of Poly-Lysine

A piece of the substrate (bare-NF or NF/CoMoO4 and NF/CoMoP, 0.5 cm × 0.5 cm) was 

subjected for the electropolymerization of lysine through consecutive cyclic voltammetry 

(CV). The continuous CVs in 0.1 M phosphate buffer solution (PBS) containing 2.5 mM of 

lysine at pH=8. The electropolymerization was done over the potential range of -1 to 2 V vs. 

Ag/AgCl at the scan rate of 100 mV/s for 15 cycles 2.

Physical Characterization

Characterization test consist of: X-ray powder diffraction (XRD) measurements were carried 

out using a Bruker AXS D8 ADVANCE X-ray diffractometer equipped with Cu Kα1 

radiation between 10 and 70 °C. X-ray photoelectron spectroscopy (XPS) measurements 

were performed using a PHI model 590 spectrometer with multi probes (Al Kα radiation, λ 

= 1486.6 eV) for the investigation of the oxidation state and composition of the material. 

Scanning electron microscopy (SEM, JEOL JSM-7600F) and energy-dispersive X-ray 

spectroscopy (EDX) were used to seeking of the morphology and elemental distribution of 

the composite electrocatalysts. ATR-FTIR analysis was performed by DXR Microscope 

(Thermo Fisher™). Raman spectroscopy was done using ISB Jobin-Yvon Spex HR-320 

equipped with a 600 g/mm monochromator (grating) and an SDL laser with pump 

wavelength of 785 nm and 140 mw output. The morphology of the samples was studied by 

TESCAN Mira 3 XMU field emission scanning electron microscope (Czech) coupled with 

energy dispersive spectroscopy (EDS).
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Figure S1. The elemental mapping images of the selected area of the NF/CoMoO4 

electrode.
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Figure S2. The elemental mapping images of the selected area of the NF/CoMoO4/P-lysine 

electrode.
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Figure S3. The elemental mapping images of the selected area of the NF/CoMoP electrode.
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Figure S4. The elemental mapping images of the selected area of the NF/P-lysine electrode.
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Figure S5. The elemental mapping images of the selected area of the NF/CoMoP/P-lysine 

electrode.
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Figure S6. The CVs obtained in 0.1 M of KOH and the relevant plot of current densities 

against sweeping rates ranging from 5 to 140 mV s-1 at (Left) NF/CoMoP and (Right) 

NF/CoMoP/p-Lys. 
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Figure S7. The elemental mapping images of the selected area of a typical NF/CoMoP/p-

Lys electrode before electrolysis in 0.1 M KOH.
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Figure S8. The elemental mapping images of the selected area of a typical NF/CoMoP/p-

Lys electrode employed in electrolysis in 0.1 M KOH for 2 h.
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Figure S9. Comparison of ATR spectra of a typical NF/CoMoP/p-Lys electrode before and 

after use in electrolysis in 0.1 M KOH for 2 h.
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Supporting Notes:

Supporting Note 1. Kinetic Isotope Effects

KIEs were studied via electrochemical methods. The LSVs were recorded with a scan rate of 

5 mV s−1 the experiments were carried out in pH adjusted aqueous KOH solution and K3PO4 

in D2O solution, the corresponding current densities at a certain overpotential of η were 

abbreviated as J(H2O) and J(D2O). The current density can be expressed by J=nFkC*, where 𝑛 

= total number of electrons transferred, 𝑘 = heterogeneous rate constant, and 𝐶* = bulk 

concentration3.

Dividing J in proteo solution to J in dutero solution gives:

                                                  eqn. S1

𝐽𝐻2𝑂

𝐽𝐷2𝑂
=

𝑛𝐻𝑘𝐻𝐶 ∗
𝐻

𝑛𝐷𝑘𝐷𝐶 ∗
𝐷

Since the measurements were performed in solutions with the equal pH (D), the concentration 

of hydroxide and deuteroxide are same, 𝐶*H=C*D and by assuming unify n values in both 

solutions, KIE could be written as:

                              eqn. S2
𝐾𝐼𝐸𝑠,𝐻

𝐷

= [𝑘𝐻2𝑂

𝑘𝐷2𝑜
]𝜂 = [𝐽𝐻2𝑂

𝐽𝐷2𝑂
]𝜂

When measuring pH with the glass electrode in deuterated solution, we often add a constant 

value of 0.41, PD = pH+0.41. This correction was done via the calculation of electrochemical 

potential difference between an H2|Pt electrode in H2O and a D2|Pt electrode in D2O 4 . Because 

no OER dependency observed on [K3PO4], it was used as a proton-less basic agent in D2O 

solution.

Supporting Note 2. Proton inventory studies

The fitting of the experimental proton inventory data and calculations of the respective 

parameters (Z and φ) were done through the Equation (1) in the main text, which was derived 

from the Kresge-Gross-Butler (Eqn. S3)5. This equation has been established to describe 

isotope effect arise from the combination of the isotope effect at a few sites, with the φ values 

quite different from one, and from a Z-effect, an aggregate isotope effect originated from most 

of sites with φ values individually close to unity 6:
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Kn = K0 [ ] Zn                           eqn.S3

∏ 𝑥
𝑖 = 1 ( 1 ‒ 𝑛 + 𝑛𝜙𝑇𝑖)

∏ 𝑥
𝑖 = 1 (( 1 ‒ 𝑛 + 𝑛𝜙𝑅𝑖)

 

Where 𝑘0 is the kinetic rate constant in deutero solution, 𝑘𝑛 is the kinetic rate constant in proteo 

solution. n is the mole fraction of D2O, x is the number of hydrogenic sites in the 

reactant/transition state, φTi and φRi are the isotopic fractionation factor for hydrogenic site in 

the transition- and reactant-state, respectively. Zn describe the Z-effect, for Z = 1, there are no 

Z-sites contribution in the isotope effect; for Z > 1, the Z-sites deliver an inverse isotope effect, 

and for Z < 1, the Z-sites contribute a normal isotope effect 7-9.If we assume a single hydrogenic 

site, the eqn. S3 could be simplified as : 

Kn = K0 [ ] Zn                                                        eqn. S4

(1 ‒ 𝑛 + 𝑛𝜑𝑇)
(1 ‒ 𝑛 + 𝑛𝜑𝑅)

 

We assumed the pronounced kinetics isotope effect occurs at a single hydrogenic site; thus, the 

x was equal to 1. Assuming J≈k, a simplified form of eqn. S4 is:

 = (1- n + n φ Ti) Zn                                            eqn. S5

𝑗𝑛

𝑗0

Equation S5 was used to fit the proton inventory data, which showed a non-linear dome-shaped 

curve observed in the case of combination of normal and inverse contributions. A linear curve 

conveys a single site, a quadratic curve two sites, a cubic curve three sites, and finally an 

exponential curve indicate an infinite-site model 5, 10, 11. There are two types of fractionation 

factors conveyed for hydrogen-transfer reactions on small molecules that involve a transition 

state hydrogen bridge. These two-category pass through a transition-state hydrogen bridges; 

(I) when the transfer of proton happens through RDS, the labeled hydrogen has an important 

effect in the reaction-coordinate motion, herein, KIE about 2 to 10 are expected. (II) Another 

case is when PT is accompanied with another reaction, ET and/or heavy-atom reorganization 

(such a bond formation between heavier elements than hydrogen)7, 9.

Supporting Note 3. PH-dependency on RHE scale and atom proton transfer studies

The LSV for pH studies were recorded with a scan rate of 5 mV s−1 at different pH values 

adjusted by KOH solution. All potentials of the measured data were converted into the RHE 

scale. To convert the standard hydrogen electrode (SHE) scale to the RHE scale, we used the 

relation εRHE = εSHE +59 mV×pH.12-27.
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The reaction order of the concentration for OH− is expressed by eqn. S6, where j is the current 

density (mA) at a certain overpotential of η, [OH−] is the concentration of hydroxide in 

electrolytes (mol L-1).

ρ [oH
-
] =[ ]ȵ                                          eqn.S6

∂𝑙𝑜𝑔 𝐽

∂𝑙𝑜𝑔[𝑂𝐻 ‒ ]

Based on the dissociation equilibrium of water, pH+pOH=14, the reaction order of [OH−] can 

be described as function of pH, as is in eqn. S7:

ρ [oH
-
] =[ ]ȵ = [    ]ȵ                        eqn.S7

∂𝑙𝑜𝑔 𝐽
∂𝑙𝑜𝑔[ ‒ 14 + 𝑝𝐻]

∂𝑙𝑜𝑔 𝐽
∂ 𝑝𝐻

In order to designate the involvement of PT in RDS of the catalytic reaction, the dependence 

of OER activity on an additional Lewis base, 𝑃O4
-3 , The reaction order of PO4

-3(ρ[PO4
-3 ]) was 

estimated according to eqn. S8:

ρ[ ] =[ ] ȵ                                      eqn.S8𝑃𝑂 ‒ 3
4

∂𝑙𝑜𝑔 𝑗

∂𝑙𝑜𝑔[𝑃𝑂 ‒ 3
4 ]
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Supporting Note 2:

Considering distinct morphological difference between stacked NF/La-PrCH and Fern leaf -shaped 

structure NF/Sr-La-PrCH, an electrochemical study was established to gain a comparative 

morphological insight. Figure 3 shows capacitive current graphed obtained at c) NF/La-PrCH and d) 

NF/Sr-La-PrCH investigated. All graphs clearly show two linear segments, located, respectively, in the 

low and high sweep rate domains. Inspired by the electrochemical porosity concept 14-15, Da Silva et 

al. 16 defined the morphology factor ( ) as an accumulative parameter to explain the participation of 𝜙

the inner surface of the heterogeneous interfaces to the electrochemical signal:

            Eqn. 1
𝜙 =

𝐶𝑑,𝑖

𝐶𝑑

Where, Cd is the differential capacitance consisting of two internal (Cd,i) and external (Cd,e) region 

of the heterogeneous films, which defines the portion of external and internal surfaces on the overall 

Cd, which is defined as:

              Eqn. 2
𝐶𝑑 = (𝑑𝑖𝑐

𝑑𝑣
)𝐸

 At low scan rate region (5-30 mV s-1), the first linear part in Figure 3 c and d:

                      Eqn. 3𝑖𝑐 = 𝐶𝑑𝜈

Similarly, the second linear part (high can rate domain):

             Eqn. 4𝑖𝑐 = 𝑖𝑐,𝑟 + 𝐶𝑑𝜈

Here, ic,r denotes the capacitive current for →0𝑣

Indeed, the overall capacitive current (ic) is the sum of the capacitive current flowing at the interface 

of the internal (ic,i), and external (ic,e) regions of the films:

               Eqn. 5𝑖𝑐 = 𝑖𝑐,𝑖 + 𝑖𝑐,𝑒

Substitution of Eqs. (3) And (4) in Eq. (5) give Eq. (6):
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           Eqn. 6𝑖𝑐,𝑖 = 𝐶𝑑𝜈 ‒ (𝑖𝑐,𝑟 + 𝐶𝑑,𝑒𝜈)

Finally, differentiation of Eq. (6) vs.  leads to Eq. (7), allowing the calculation of Cd,i:𝜈

           Eqn. 7       𝐶𝑑,𝑖 = 𝐶𝑑 ‒ 𝐶𝑑,𝑒

Cd,i, can be calculated by subtracting the slopes two linear parts (low and high can rates). 

Finally, the  can be obtained to compare the ratio of Cd,i to Cd. More information is in 𝜙

references 28 and 29.
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