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Experimental Methods

Materials

All chemicals and reagents utilized in the experiments were employed without further 

purification. These included iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, ≥ 98%, Sigma 

Aldrich), nickel form (~99.9%, Daejung Chemicals), ethanol (C2H5OH, HPLC grade ≥ 99.9%, 

Daejung Chemicals), potassium hydroxide (KOH, ≥ 93%, Daejung Chemicals), ammonium 

carbonate ((NH4)2CO3, Duksan Pharmaceutical Co. Ltd), and hydrochloric acid (HCl, 35%, 

Matsunoen Chemicals Ltd).

Characterization techniques

Phase formation and material purity were investigated using X-ray powder diffraction on a 

Bruker, D8 Advance A25 diffractometer with Cu Kɑ radiation (λ = 1.54). The Raman 

spectroscopic data were recorded on a Thermo Scientific DXR2xi Raman imaging microscope. 

Morphological studies were conducted using field-emission scanning electron microscopy 

(FESEM, TESCAN CLARA Field-Emission Scanning Electron Microscope) coupled with 

energy-dispersive X-ray spectroscopy (EDS) on an Ultim Max system from Oxford 

Instruments for elemental analysis. 

OER study

A membrane-free three-electrode electrochemical setup (CHI 708E electrochemical unit) was 

employed to study the OER in 1.0 M KOH solution, with an NF-based electrocatalyst as the 

working electrode, Hg/HgO as the reference, and a graphite rod as the counter electrode. The 

reference electrode correction was performed using the equation ERHE = EHg/HgO + (0.098 + 

0.0591 × pH). Linear sweep voltammetry (LSV) plots for OER were recorded at 5 mV/s from 



3

1.2–1.9 V vs. reversible hydrogen electrode (RHE). Furthermore, the Tafel slope, obtained 

from the experimental data, was calculated using the equation η = b × log(j/j0), describing the 

relation between the overpotential (η) and the logarithm of current density (j) normalized to 

exchange current density (j0). Electrochemical impedance spectroscopy (EIS) was conducted 

in the range of 10−1–105 Hz at 1.62 V vs. RHE. To evaluate the electrocatalytic performance, 

the double-layer capacitance (Cdl) of the electrodes was first determined, which is proportional 

to the electrochemically active surface area (ECSA). Then, the available surface active (SA) 

sites were calculated by integrating the charge under the reduction peak in the cyclic 

voltammetry (CV) curve and normalizing it by the scan rate and the charge of a single electron.

SA was obtained by substituted in the following equation:

SA
=

((
𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑐𝑢𝑟𝑣𝑒

2
)/𝑠𝑐𝑎𝑛 𝑟𝑎𝑡𝑒)

𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑎𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

SA was then used to calculate the turnover frequency (TOF), a crucial metric for the intrinsic 

activity of a catalyst.

TOF values were determined using the following formula:

TOF = (j × NA) / (n × F × SA),

where j represents the current density, NA is Avogadro’s number (6.022 × 10²³), F is the 

Faraday constant (96485.3 C/mol), and n denotes the number of electrons transferred during 

the reaction (4 e−).

Computational details

To investigate the influence of Fe in NiFe LDH, first-principle calculations were performed 

using density functional theory (DFT) via the Vienna Ab initio Simulation Package (VASP)1. 

The Projector Augmented Wave pseudopotential was used to model the electron–ion 
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interaction, with the spin-polarized generalized gradient approximation Perdew–Burke–

Ernzerhof functional applied for exchange-correlation2,3. A Hubbard-U correction (DFT+U 

method) was incorporated to improve the electronic description of LDHs, adopting U = 3 for 

both Ni and Fe, as established in the literature4–7. To include the long-range van der Waals 

interaction, Grimme’s DFT-D3 correction was employed with Becke–Johnson damping8. All 

calculations utilized a 5 × 5 × 1 Monkhorst–pack k-point scheme, with self-consistence criteria 

for energy and forces set at 1.0 × 10−5 eV and 0.01 eV/Å, respectively. A 3 × 3 × 1 monolayer 

of Ni(OH)2 LDH was constructed with a vacuum spacing of 25 Å and the cutoff energy for the 

plane waves is set to 500 eV. NiFe LDH was constructed by substituting Ni with Fe at a 

concentration of approximately Ni0.8 and Fe0.2 in the 3 × 3 × 1 monolayer. The *OH, *O, and 

*OOH intermediates were adsorbed near the substituted region, and Gibbs free energy for the 

reactions was calculated as9–13

,∆𝐺 = ∆𝐸 + ∆𝑍𝑃𝐸 ‒ 𝑇∆𝑆 ‒ 𝑒𝑈 + 𝑘𝐵𝑇ln (𝑝𝐻)

where  is the adsorption energy of the intermediates,  and  is the change in zero-∆𝐸 ∆𝑍𝑃𝐸 ∆𝑆

point energy and entropy, respectively,  is the temperature,  is the charge transfer,  is the 𝑇 𝑒 𝑈

applied potential, and  is the correction term for H ions. All free energy calculations 𝑘𝐵𝑇ln (𝑝𝐻)

were calculated under standard conditions (U = 0, T = 298.15 K, and pH = 0) using the 

computational hydrogen electrode model proposed by Nørskov et al.14,15. The theoretical η for 

the OER process is obtained using

𝐺𝑂𝐸𝑅 = 𝑚𝑎𝑥{Δ𝐺1,Δ𝐺2,Δ𝐺3,Δ𝐺4}

and

,
𝜂 =

𝐺𝑂𝐸𝑅
𝑒 ‒ 1.23 𝑉
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where and  are the free energy changes during the OER process. Detailed Δ𝐺1,Δ𝐺2,Δ𝐺3, Δ𝐺4

calculations are provided in the supplementary information.

OER calculations

The cohesive energy (  for LDHs are calculated using the relation,𝐸𝐶)

𝐸𝐶 =
𝐸𝑠𝑦𝑠𝑡𝑒𝑚 ‒ (𝑚𝜇𝑁𝑖 + 𝑛𝜇𝑂 + 𝑜𝜇𝐻 + 𝑝𝜇𝐹𝑒)

𝑚 + 𝑛 + 𝑜 + 𝑝

Where,  is the energy of the system,  and  are the chemical potential of Ni, 𝐸𝑠𝑦𝑠𝑡𝑒𝑚 𝜇𝑁𝑖,𝜇𝑂,𝜇𝐻 𝜇𝐹𝑒

O, H and Fe atoms respectively.  and  are the number of Ni, O, H and Fe atoms present 𝑚,𝑛,𝑜 𝑝

in the system respectively.

Under standard conditions, the computation hydrogen electrode (CHE) model express that

𝐻 + + 𝑒 ‒ → 
1
2

 𝐻2 (𝑔) 

For OER process, the reaction pathway occurs majorly via 4 pathway.𝑒 ‒  

𝐻2𝑂(𝑙) +  ∗  →𝑂𝐻 ∗ + 𝐻 + + 𝑒 ‒

𝑂𝐻 ∗  →𝑂 ∗ + 𝐻 + + 𝑒 ‒

𝑂 ∗ +  𝐻2𝑂(𝑙)→ 𝑂𝑂𝐻 ∗ + 𝐻 + + 𝑒 ‒

𝑂𝑂𝐻 ∗ → ∗  + 𝑂2 + 𝐻 + + 𝑒 ‒

The change in free energy for the four pathway can be obtained as 𝑒 ‒  

∆𝐺1 = ∆𝐺
𝑂𝐻 ∗

∆𝐺2 = ∆𝐺
𝑂 ∗ ‒ ∆𝐺

𝑂𝐻 ∗

∆𝐺3 = ∆𝐺
𝑂𝑂𝐻 ∗ ‒ ∆𝐺

𝑂 ∗

∆𝐺4 = 4.92 ‒ ∆𝐺
𝑂𝑂𝐻 ∗
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Figure S1. Pictorial representation of bare NF, Ni(OH)2/NF after PLIL, and NiFe 

LDH/Ni(OH)2/NF after microwave treatment.  

Table S1. Change in oxygen concentration in the bare NF, prepared Ni(OH)2/NF, and NiFe 

LDH/Ni(OH)2/NF fabricated via PLIL and microwave processes.

Sample O wt%
Bare NF 0.37

Ni(OH)
2
/NF 3.16

NiFe LDH/Ni(OH)
2
/NF 21.22
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Figure S2. FE-SEM with EDS mapping of the bare NF, Ni(OH)2/NF, and NiFe 

LDH/Ni(OH)2/NF samples at different magnification.
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Figure S3. XPS survey spectrum of Ni(OH)2/NF and NiFe LDH/Ni(OH)2/NF samples 

fabricated via PLIL and microwave processes.

Figure S4. The CV curves measured at different scan rates for NF, Ni(OH)2/NF, and NiFe 

LDH/Ni(OH)2/NF samples in 1.0 M KOH.
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Figure S5. CV curve of NF, Ni(OH)2/NF, and NiFe LDH/Ni(OH)2/NF and the calculated 

active site values. 
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Figure S6. EIS curves for the NiFe LDH/Ni(OH)2/NF at variable potential vs. RHE.
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Figure S7. Charge transfer resistance (Rct) values for NiFe LDH/Ni(OH)2/NF at various 

potentials.
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Figure S8. LSV curve of NiFe LDH/Ni(OH)2/NF sample before and after OER stability test.
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Figure S9. XRD studies of NiFe LDH/Ni(OH)2/NF sample after OER stability test.
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Figure S10. XPS spectra of NiFe LDH/Ni(OH)2/NF sample after OER stability test: (a) Survey 

scan, (b) Ni 2p, and (c) Fe 2p core level spectra.
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Table S2. Comparison of the OER activity of NiFe LDH/Ni(OH)2/NF and similar composites

Catalyst Name Synthesis Route OER Activity 
(overpotential mV)

Reference
s

NiFe LDH@NCP/NF Electrodeposition 
Method

281 mV @ 100 mA 
cm−2

16

NiFe-LDH@Co9S8-
Ni3S2/NF

Electroplating 
Route

223 mV @ 100 mA 
cm−2

17

A/C-NiFe LDH@NFF Hydrothermal and 
Electrodeposition 
Method

359.8 mV @ 1000 
mA cm−2

18

NiFe-LDH@FeOOH Chemical Method 259 mV @ 300 mA 
cm−2

19

NiFe-LDH/NF Electrodeposition 
Method

223 mV @ 100 mA 
cm−2

20

NiCo-
LDH@NiCoS@NiFe-LDH

Electrodeposition 
Method

209 mV @ 50 mA 
cm−2

21

Co3O4 @NiFe-LDH/NF-
100

Electrodeposition 
Method

270 mV @ 50 mA 
cm−2

22

NiFe LDH Hydrothermal 
Method

310 mV @ 50 mA 
cm−2

23

NiFe-LDH/SnS Hydrothermal 
method

 310 mV @ 10 mA 
cm−2

24

NiV-LDH@FeOOH Hydrothermal 
method

297 mV @ 100 mA 
cm−2

25

NiFe-LDH/Fe,N-CB Chemical Method 281 @ 10 mA cm−2 26

NiFe LDH-A50 Chemical Method 308 @ 10 mA cm−2 27

NiFe LDH/Ni(OH)2/NF PLIL and 
Microwave

292 mV @ 10 mA 
cm−2

Current 
work
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Figure S11. Density of states plots of a) Ni(OH)2 and b) NiFe(OH)2
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Figure S12. Projected density of states plots of (a) Ni(OH)2 – up, (b) Ni(OH)2 – down, (c) 

NiFe(OH)2 – up, and (d) NiFe(OH)2 – down.

*OH *O *OOH

Ni(OH)2

NiFe(OH)2

Figure S13. Optimized structures of intermediates adsorbed LDH structures
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Table S3. Gibbs free energy change  for the intermediates (*OH, *O and *OOH)  (∆𝐺)

adsorption

Intermediate adsorption (eV)
System

*OH *O *OOH

Ni(OH)2 1.45 3.17 4.65

NiFe(OH)2 1.44 2.46 3.57

Table S4. Gibbs free energy change  for the OER process and overpotential  (∆𝐺)

OER Pathway (eV)
System

∆𝐺1 ∆𝐺2 ∆𝐺3 ∆𝐺4

𝜂𝑂𝐸𝑅

(V)

Ni(OH)2 1.45 1.72 1.48 0.27 0.49

NiFe(OH)2 1.44 1.02 1.11 1.35 0.21
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