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Highly-dispersed and disordered nickel-iron layered hydroxides 
and sulphides: robust and high-activity water oxidation catalysts 

Manjunath Chatti,ab Alexey M. Glushenkov,c Thomas Gengenbach,d Gregory P. Knowles,a Tiago C. 
Mendes,a Amanda V. Ellis,c Leone Spiccia,ab Rosalie K. Hocking,e and Alexandr N. Simonov*ab 

The present work introduces a rapid low-temperature microwave-assisted synthesis of nickel(iron) layered hydroxides and 

sulphides that exhibit robust catalytic activity for electrooxidation of alkaline water – the most feasible source of electrons 

for any renewable fuel synthesis. The procedures require not more than an hour to complete at 120-150 °C with quantitative 

yields of: (i) few-atomic-layers thick porous sheets of Ni0.75Fe0.25(OH)2+x with surface area ABET = 149 m2 g-1, and (ii) 

interconnected Ni0.75Fe0.25S2+y particles of few nanometers in size covered with thin oxide/hydroxide layer having ABET = 87 

m2 g-1. These and other morphological and structural features of the materials were inferred from XRD, XPS, Ni- and Fe-edge 

EXAFS/XANES, TEM/SAED, EDX mapping, SEM, N2 adsorption-desorption, and electrochemical techniques. At lower loadings 

on the electrode surface (≤0.01 mg cm-2), the specific activity for water (1 M KOH) electrooxidation at 0.3 V overpotential is 

210 A g-1 for of Ni0.75Fe0.25(OH)2+x, and 384 A g-1 for Ni0.75Fe0.25S2+y, which excels the performance of the best-performing 

analogues. Enhanced electrocatalytic activity of sulphides over hydroxides is defined by better electric conductivity and 

different nature of the electrochemically active surface species. At higher loadings, the activity of the microwave-synthesised 

NiFe catalysts is found to be partially limited by agglomeration, though still high enough to enable the water oxidation rate 

of 10 mA cm-2
geom at overpotential of only 0.270 ± 0.005 (flat support) and 0.21 V (foam support) with Ni0.75Fe0.25S2+y. The 

developed methods offer a new facile strategy for the creation of high-performing multicomponent catalysts. 

Introduction 

The concept of renewable fuels based on the conversion of 

solar, hydro or wind energy into electricity and the use of this 

essentially perpetual electrical power to drive electrosynthesis 

of energy-rich compounds from the abundant feedstock, e.g. 

water or dinitrogen, is considered among the few practical 

sustainable solutions to support the world energy sector of the 

future. By definition, a reductive fuel-forming process in this 

scheme must be coupled to an electron-donating half-reaction, 

viz. oxidation of an abundant compound that does not impact 

the environment. In this context, the water oxidation reaction 

often referred to as the oxygen evolution reaction (OER: 4OH− 

⇄ O2 + 2H2O + 4e−), is currently seen as the only globally viable 

option and is therefore central to the overall renewable fuels 

concept. When the OER is combined with the hydrogen 

evolution reaction (HER: 2H2O + 2e− ⇄ H2 + 2OH−) on two 

spatially separated electrodes, electrochemical decomposition 

of water into molecular hydrogen and oxygen (2H2O ⇄ 2H2 + 

O2), a process that was discovered more than two centuries 

ago,1-3 is achieved.

 

Production of dihydrogen via electrolysis of alkaline water is an 

established technology, which, however, still requires 

improvements in efficiency to be implemented on a scale that 

would satisfy the worldwide need.4, 5 Both HER and OER require 

catalytically-active electrodes to proceed at sufficiently high 

rates, and improving relevant catalysts is an obvious path 

towards better performing electrolyzers. In this context, the 

multi-step OER holds the key, and its sluggish kinetics remains 

one of the major factors that limit the productivity of the entire 

process.6, 7 Many reasonably efficient catalytic systems based 

on transition metals including prohibitively scarce Ir and Ru 

oxides have been reported (Table S1). Of these, materials where 

nickel(iron) oxides/oxyhydroxides fulfil the catalytic function 

remain one of the most efficient OER catalysts for operation at 

high pH and have been used as anode electrocatalysts for 

alkaline water splitting long before the recent increase of 

research interest in the field8-10 (Tables 1 and S1). 
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Table 1. Catalytic activity for water electrooxidation (1 M KOH)a of selected nickel-iron layered hydroxides and materials derived 

from electrooxidation of nickel-iron chalcogenides.b

Catalyst 

(loading/mg cm-2, 

electrode) 

Synthesis 

method 

ABET /  

m2 g-1 

η10 
c / 

V 

icat 
d / A g-1 jBET 

d / mA cm-2 

Ref. 
0.25 V 0.30 V 0.25 V 0.30 V 

Ni0.75Fe0.25-LDH 

(0.07, GCe) 

Hydrothermal, 

Exfoliation 
n.a.f 0.310 7 114 n.a. n.a. 8, 11 

Ni0.78Fe0.22-LDH 

(0.44, HOPG) 

Pulsed Laser 

Ablation  
221 0.280 7.2 72 0.003 0.03 12 

Ni0.83Fe0.17-LDH  

(0.20, GC) 

Multistep 

solvothermal 
n.a. 0.320 10 35 n.a. n.a. 13 

Ni0.83Fe0.17-LDH/CNT 

(0.25, carbon paper) 

Multistep 

solvothermal 
n.a. 0.230 80 n.a. n.a. n.a. 13 

Ni0.7Fe0.3-LDH 

(0.25, GC)  

Precipitation, 

exfoliation 

n.a. 

(325)g 
0.320 8 25 

n.a. 

(0.002)g 

n.a 

(0.007)g 
14 

Ni0.7Fe0.3-LDH/rGOh 

(0.25, GC)  

Precipitation, 

exfoliation 

n.a. 

(520)g 
0.210 200 n.a. 

n.a. 

(0.02)g 
n.a 14 

Ni0.5Fe0.5-LDH 

(1, Nifoam) 
Solvothermal 0.24i 0.240 12 32 0.005 0.01 15 

Ni0.75Fe0.25(OH)2+x 

(0.01,GC) 

(0.07,GC) 

(0.21, GC) 

Microwave 
149 

(91)j 

 

0.391 

0.336 

0.282 

 

8.4 

7.6 

14 

 

210 

71 

74 

 

0.0092 

0.0083 

0.015 

 

0.23 

0.078 

0.081 

 

This 

work 

Ni0.8Fe0.2S2 

(0.18, GC) 

Hydrothermal, 

HTj sulphidation 

n.a. 

(14)g 
0.230 100 222 

n.a. 

(0.8)g 

n.a. 

(1.6)g 
16 

Ni0.5Fe0.5Sx/graphene 

(0.25, GC) 

Coprecipitation, 

Hydrothermal 

n.a. 

(180)g 
0.286 20 72 

n.a. 

(0.01)g 

n.a. 

(0.04)g 
17 

Ni0.7Fe0.3S2 

(3, Nifoam) 

Hydrothermal, 

HT sulphidation 
11 0.198 20 40 0.17 0.37 18 

Fe-Ni3S2 

(n.a., FeNifoam) 
Solvothermal 0.02i 0.282 n.a. n.a. 0.03 0.1 19 

NixFe1-xSe2 

(4.1, Nifoam) 
Solvothermal 109 0.195 58 n.a. 0.06 n.a. 20 

Ni0.75Fe0.25S2+y 

(0.01,GC) 

(0.14,GC) 

(0.28, GC) 

Microwave 87 

 

0.333 

0.275 

0.270 

±0.005 

 

104 

28 

16 

±2 

 

384 

165 

98 

±10 

 

0.12 

0.032 

0.018 

±0.003 

 

0.44 

0.19 

0.11 

±0.02 

 

This 

work 

a All data were reported corrected for ohmic losses, except for those in Ref.15 b Chalcogenides are transformed into corresponding (oxy)hydroxides under the OER conditions, either 

at the surface or completely. c Overpotential required to achieve 10 mA cm-2 (normalised to the geometric surface area) derived from quasi-steady-state data (if available) or 

voltammograms. d Current density normalised to the catalyst mass (i) or BET surface area (j) at η = 0.25 and 0.30 V. e Glassy carbon. f Not available. g Estimated from Cdl provided in 

relevant publication and the ratio of Cdl to BET external surface area obtained herein. h Reduced graphene oxide. i Value in m2 cm-2
geom. j External surface area.

One class of the intensively studied OER catalysts are layered 

hydroxides of transition metals (Ru, Ir, Co, Ni, Fe, etc.) and their 

combinations for applications in both electrocatalytic and 

photocatalytic water splitting.21-29 The best-performing noble 

metal free systems of this type are nickel-iron layered double 

hydroxides (LDH), which were first introduced by Dai and 

colleagues.13 Later, Müller and co-workers demonstrated that 

the catalytic activity of the NiFe LDHs synthesised by a pulsed-

laser ablation method can be significantly improved by tuning 

the crystallinity of the catalyst and the nature of interlayer 

anions.12, 30 Further investigations identified that the 

performance of these materials is limited by their low intrinsic 

electrical conductivity,13, 16 which opened up an opportunity to 

improve the activity further. For example, Hu et al. exfoliated 

sheets of NiFe-LDH to overcome the charge-transfer limitations 

seen in agglomerated multi-layered stacks and thereby 

achieved enhanced catalytic activity.11 Another solution to the 

conductivity issue, which was implemented in the initial 

report13 and was further exploited by other groups, is 

immobilisation of LDHs, in the form of dispersed sheets, on a 

high-surface-area substrate.13, 15, 31, 32 Although very impressive 

electrocatalytic performance has been achieved using carbon-

based supports for NiFe-LDH catalysts (Table 1), these materials 

do not demonstrate satisfactory stability and slowly degrade13, 

14 due to the thermodynamic instability at very positive 

potentials.33, 34 Interestingly, persistent deterioration in 
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performance of unsupported nickel-iron hydroxides has also 

been reported.11, 13, 35 Possible reasons include trivial exfoliation 

of materials from the surface of glassy carbon electrodes used 

in these studies, which inevitably undergo oxidative 

degradation during long-term tests, or electrochemically-

induced changes to the catalysts.35 Conversely, the use of high 

surface area copper36 or nickel35 to immobilise NiFe LDHs was 

reported to partially alleviate both instability and conductivity 

problems.  

Another class of OER catalysts that are now receiving increased 

attention are nickel, iron and other transition metal 

chalcogenides (Table 1), many of which were initially devised as 

electrocatalysts for hydrogen evolution.37 Under the harsh 

conditions of a functioning water-splitting anode, the 

catalytically-active species are still metal hydroxyoxides/oxides 

generated via electrooxidation. This transformation has been 

found to propagate deep into bulk for selenide catalysts,20 but 

is typically limited to the surface layer for sulphides,16 which are 

of particular interest herein. The high electrical conductivity of 

the nickel-iron sulphide core sustains efficient charge transfer 

towards a thin layer of a true catalyst on the surface of the 

particles and thereby enables very high catalytic activity for 

water oxidation. Electronic effects of underlying sulphides on 

the surface hydroxide/oxide layer might also contribute to the 

improvements in catalytic performance, though a robust 

universal evidence for this is yet to be obtained. 

One technological limitation that applies to both NiFe-LDH and 

sulphides are laborious and resource-intense synthesis 

procedures required to produce these materials. Synthesis of 

the most OER-active NiFe-LDH catalysts reported in the 

literature involved long-term solvothermal and other 

treatments, typically on the timescale of days and with the 

requirements of very careful control over the reaction 

environment.13, 31, 38 Thus prepared NiFe-LDH were further used 

as precursors for nanostructured sulphides that were obtained 

via either a high-temperature gas-phase process16, 18, 39 or a slow 

solution-phase solvothermal reaction.17, 40 An alternative, 

potentially cheaper and easier to scale method is a microwave-

assisted solution-phase synthesis, which has not been applied 

before to produce NiFe-based catalysts for water 

electrooxidation and is the subject of the present work. 

Synthesis of inorganic nanostructured materials in solutions 

under microwave irradiation is a fast-growing area of 

research.41 Interaction of microwaves with reaction mixtures, 

mainly via solvent, allows for rapid and homogeneous heating, 

which provides shorter reaction times, enhanced throughput 

and decreased energy consumption as compared to other 

methods, such as solvothermal.42 In some cases, the localised 

hotspot heating ability of microwaves enables the formation of 

nanostructured materials with unique morphology and 

improved catalytic and other physicochemical properties.43 

Herein, a simple microwave-assisted solution-phase synthetic 

route is introduced to produce nickel and nickel-iron hydroxides 

and disulphides, and the electrocatalytic properties of the 

resulting materials for water oxidation are scrutinised. 

Experimental 

Materials 

All reagents were of analytical grade and were used as received 

from suppliers (Sigma Aldrich, Alfa Aesar, and Merck) without 

further purification. Ni foam (>99.99%; thickness 1.6 mm; 

surface density 346 g m-2; porosity ≥95 %, 80–110 pores per 

inch) was purchased from Marketech International. Ultrapure 

water (Synergy Milli-Q; 18.2 MΩ cm at 24 ± 1 °C) was used 

throughout all experiments. 

Synthesis procedures 

All microwave-assisted syntheses were undertaken in 30 mL 

Pyrex vials using a CEM Discover SP microwave system with an 

Activent technology. The microwave power was automatically 

adjusted to maintain the required temperature by operating the 

system in a standard mode. 

Synthesis of Ni0.9Fe0.1 LDHs was initially performed under 

hydrothermal conditions by following the experimental details 

reported by Long et al.40 Briefly, NiCl2 (1.45 mL, 1 M) 

Fe(NO3)3·9H2O (0.145 mL, 1 M), urea (5.6 mL, 0.5 M) and 

trisodium citrate (2 mL, 0.01 M) were added to water (5 mL) and 

heated at 150 °C in a sealed 25 mL Teflon vessel for 24 h. The 

produced material was washed with water and ethanol 3 times 

and dried in an oven at 70 °C overnight. 

Microwave-assisted syntheses of layered hydroxides were 

performed using water as a solvent. Reaction mixtures for the 

synthesis of Ni(OH)2 and Ni0.75Fe0.25(OH)2+x layered hydroxides 

in aqueous medium were prepared by dissolving 

Ni(CH3COO)2·4H2O (1.0 and 0.75 mmol, respectively) with 

Fe(NO3)3·9H2O (0 and 0.25 mmol, respectively) in water (10 mL), 

adding urea (4 mmol) and sonicating (Elmasonic S300H bath 

with an operating power of 1500 W) for 5 minutes at ambient 

temperature. The obtained clear precursor solutions were 

transferred into microwave vessels that were sealed with 

septum caps. Reactions were conducted at a constant 

temperature of 120 or 180 °C for 1 h and then the solutions 

were allowed to cool to ambient temperature naturally. The 

obtained materials were collected by centrifugation (8000 rpm; 

20 min), washed with ethanol 5 times and dried in an oven at 

70 °C overnight. 

Solvothermal sulphidation was attempted using the procedure 

reported by Long et al.40 FeNi LDH precursor (80 mg) was 

dispersed into ethanol (40 mL), followed by the addition of 

thioacetamide (0.1125 g). The mixture was then transferred 

into a 50 mL Teflon-lined stainless steel autoclave and was 

subsequently heated at 120 °С for 6 h. The product was 

collected by centrifugation and washed with ethanol for at least 

3 times. 

Microwave-assisted sulphidation of layered hydroxides was 

undertaken using absolute ethanol as a solvent and 

thioacetamide as a source of sulphur. In a typical synthesis, 

thioacetamide (64 mg) was dissolved in absolute ethanol (15 

mL), an LDH precursor (50 mg) was added, and the mixture was 

sonicated for 30 min. The microwave-assisted synthesis was 

completed as described above at 120, 150 or 180 °C for 30 min. 

Obtained products were centrifuged (8000 rpm, 20 min), 

washed three times with ethanol and dried at 70 °C overnight. 
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Selected microwave-synthesised Ni0.75Fe0.25S2 samples were 

additionally annealed in a tube furnace in high purity N2 at 300, 

350, 450 or 600 °C. The set temperature was reached with a 

sequential increment of 5 ° min-1 and maintained for 2 h. The 

samples were exposed to air after naturally cooling down to 

ambient temperature. 

Physical characterisation 

X-ray diffraction (XRD) measurements were performed on a 

Bruker D2 Phaser diffractometer equipped with a Cu Kα source 

operating at 30 kV and 10 mA at a scan rate of 1 ° min−1. Samples 

for analysis were gently ground to fine powders and spread 

evenly over a quartz slide support. 

X-ray photoelectron spectroscopy (XPS) analysis was performed 

using an AXIS Nova spectrometer (Kratos Analytical Inc., UK) 

with a monochromated Al Kα source at a power of 180 W (15 kV 

× 12 mA) and a hemispherical analyzer operating in the fixed 

analyzer transmission mode and the standard aperture (analysis 

area: 0.3 mm × 0.7 mm). Samples were filled into shallow wells 

of a custom-built sample holder where the sample was analyzed 

at a nominal photoelectron emission angle of 0° with respect to 

the surface normal. Since the actual emission angle is ill-defined 

in the case of particles (ranging from 0° to 90°) the sampling 

depth may range from 0 to ca 10 nm. 

X-ray Absorption Spectroscopy. Ni and Fe K-edge X-ray 

absorption spectra were recorded at the wiggler XAS beam-line 

12 ID at the Australian Synchrotron (3.0 GeV storage ring; 200 

mA beam current in top-up mode). The incident beam energy 

was controlled using either a Si(311) or Si(111) double-crystal 

monochromators. Spectra of the hydroxide and sulphide 

powders were collected in transmission mode using ionisation 

chambers (Oken; ca 1.5 L min-1 N2 flow; supply voltage U = 250 

V). Samples were prepared by grinding the materials to fine 

powders using an agate mortar, mixing with boron nitride and 

loading into a 1 mm thin aluminium sample holder sealed with 

thin self-adhesive Kapton tape. XAS data were analysed using a 

combination of Athena, Artemis44 PySpline and Microsoft Excel 

for background subtractions. Nickel spectra were calibrated 

against the first inflection point of the nickel foil (8330.0 eV), 

and an E0 value of 8350.0 eV was used for the calculation of Ni 

EXAFS. Similarly, iron spectra were calibrated against the first 

inflection point of an iron foil (7112 eV), and an E0 value of 

7130 eV was used for the calculation of Fe EXAFS. 

BET Surface area measurements. N2 adsorption/desorption 77 

K isotherms were measured by a static volumetric dosing 

method using a Micrometrics 3020 Gas Sorption Analyzer. Prior 

to analysis, samples were kept under vacuum at 105 °C 

overnight and then backfilled with N2 using a Micromeritics 

VacPrep061 degasser. The data were further processed using 

the instrument’s proprietary software. The total surface area 

(ABET) of materials was estimated by a fit of the BET model to 

the adsorption data (0.05 – 0.30 p/p0). The micropore surface 

area was estimated by a t-plot method using a silica surface 

reference model, the BET surface area and fitted thickness 

range 3–5 Å. The mesopore surface area (external surface area) 

was calculated as the difference between ABET and the 

micropore surface area. 

Transmission electron microscopy (TEM) measurements were 

carried out using FEI Tecnai F20 and FEI Tecnai F30 instruments 

operating under accelerating voltages of 200 and 300 kV, 

respectively. For analysis, materials were thoroughly dispersed 

in ethanol by ultrasonication, and the suspensions were drop-

cast onto Cu grids coated with holey carbon films. 

Scanning electron micrographs (SEM) were collected on an FEI 

Nova-nano SEM instrument. Energy dispersive X-ray (EDX) point 

analysis under SEM conditions was performed using a Bruker 

EDS detector under 10 kV. Samples were drop cast from ethanol 

dispersions onto a silicon wafer, which was firmly glued to an 

SEM specimen stub; electrical contact was provided by a copper 

foil. 

Four-point probe resistivity measurements were undertaken 

using a JANDEL RM3-AR instrument. Samples were prepared by 

drop-casting materials from their dispersions in isopropanol 

(500 mg mL-1; sonicated for 30 min) onto a clean glass substrate 

to achieve a visually homogeneous film. 

Electrochemical experiments 

All electrochemical measurements were performed using a Bio-

Logic VSP electrochemical workstation in a three-electrode 

configuration. Either 1 M KOH (assumed pH = 13.6) or 0.5 M 

H2SO4 (measured pH = 0.3) were employed as electrolyte 

solutions, which were saturated with high purity Ar for 

experiments that involved measurements at potentials more 

negative than 1.0 V vs. the reversible hydrogen electrode (RHE). 

Measurements at 60 °C were undertaken with the cell fully 

immersed into a thermostatted water bath (Thermoline 

scientific), and the temperature of the solution in the working-

electrode compartment was monitored using a conventional 

high-precision thermometer. 

Working electrodes were prepared using either glassy carbon 

(GC; ø 3 mm, BAS) or nickel foam (Nifoam; Marketech 

International) substrates. Prior to use, glassy carbon electrodes 

were polished to mirror finish using 1.0, 0.3 and 0.05 μm 

alumina powders (Alfa Aesar), thoroughly washed with water 

followed by sonication in a water-ethanol mixture (1:3 vol.) for 

30 min. Nifoam electrodes were cleaned by sonicating in 

concentrated HCl (ca 32 wt. % ) for 10 min, copiously washing 

with water and sonicating in acetone, water, and absolute 

ethanol for 15 min in each solvent. Catalyst inks were prepared 

by dispersing 1–5 mg material in 1 mL of water-isopropanol (3:1 

vol.) mixture containing 30 µL of 5 wt % Nafion (ethanol 

solution) by sonication for 30 min. To obtain dispersions with 

lower concentrations, the 1 mg mL-1 ink was diluted with the 

same solvent system and sonicated again for 30 min. Freshly 

dispersed catalyst inks were drop-cast in small aliquots onto 

clean and dry GC (loading 0.004–0.35 mg cm-2) or Nifoam (loading 

1–3 mg cm-2) substrates and dried in an oven at 70 °C for 2 hours 

prior to testing. 

High surface area Pt wire (A&E Metals) was used as an auxiliary 

electrode, which was confined in a separate compartment 

separated with a low-porosity (P4) glass frit. An 

Ag|AgCl|KCl(sat.) (CHI) reference electrode was also confined 

in a glass tube with a P4 glass frit, the tip of which was 

positioned within a few mm of the working electrode surface. 
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The potentials were recalculated to the RHE scale using the 

relationship, E / V vs. RHE = E / V vs. Ag|AgCl|KCl(sat.) + 0.059pH 

+ 0.197 V. Uncompensated resistance (Ru) was derived from the 

electrochemical impedance spectra (frequency range 200 

KHz - 100 mHz; amplitude 0.01 V) recorded at potentials where 

no significant faradaic processes occur. Typical Ru values were 

within the range 13–18 Ω and below 1 Ω for the experiments 

with GC and Nifoam electrodes, respectively. Where specifically 

mentioned, the reported potentials were also manually post-

corrected for the ohmic losses by subtracting the I(t)Ru product. 

Results and Discussion 

Synthesis 

Thermally-induced hydrolysis of urea was used by Costantino et 

al.45 as a convenient and efficient method to produce mixed 

hydroxide materials during the hydrothermal reaction. Later, 

Liu and co-workers46 extended this technique by involving 

trisodium citrate as a chelating agent for the synthesis of highly 

crystalline NiFe-LDH. The method was further refined and 

optimised by different groups and used for the solvothermal 

synthesis of various types of NiFe-LDH electrocatalysts for water 

splitting.11, 13, 18, 40 Herein, the formation of Ni0.9Fe0.1 hydroxides 

in the presence of urea and citrate was demonstrated to occur 

under microwave conditions at 180 °C (Fig. S1), within a much 

shorter reaction time of 1 h compared to the 24 h at 150 °C 

typically required for the solvothermal approach (Table S2). 

However, when drop-cast onto a flat electrode support, the 

films of these microwave-synthesised materials displayed poor 

mechanical properties and were prone to cracking and 

exfoliation. In contrast, Ni0.9Fe0.1 LDHs that were synthesised 

hydrothermally following the protocol from the work of Long et 

al.40 could be easily deposited as stable layers. On this basis, our 

initial attempts to produce sulphides were undertaken using 

this material as a precursor (Table S2). Surprisingly, we were 

unable to reproduce the results from Ref.40 for the solvothermal 

conversion of Ni0.9Fe0.1 LDH into the corresponding sulphide 

using thioacetamide as a source of sulphur (Fig. S1). This 

observation emphasises the very high sensitivity of the 

solvothermal synthetic strategy to even subtle differences in 

the reaction environment, which we aimed to avoid by strictly 

following the reported procedures.40 Conversely, complete 

sulphidation was reproducibly achieved herein after only 30 

min of microwave treatment of hydrothermally-synthesised 

Ni0.9Fe0.1 hydroxides with thioacetamide in ethanol at 150 °C 

(Fig. S1), but again the material formed could not be deposited 

in the form of stable and homogeneous layers onto an 

electrode. 

Eventually, we synthesised Ni and Ni0.75Fe0.25 hydroxides via 

microwave irradiation of citrate-free aqueous solutions and 

nickel(II) acetate as the precursor (Fig. 1a; Table S2). The 

synthesis takes 1 h and requires a temperature of only 120 °C. 

The powders obtained form uniform and robust layers upon 

drop-casting. Subsequent 30 min microwave treatment of these 

materials with thioacetamide in ethanol at 120–180 °C 

produces corresponding sulphides (Fig. 1b; Table S2). The 

product yields were at least 95%, based on changes in the 

solution UV-Vis absorption during hydroxide synthesis (Fig. S2) 

and XRD data (Fig. 1). The overall synthetic procedure is 

summarised in Scheme 1. 

Characterisation of hydroxide materials 

The juxtaposition of X-ray diffractograms obtained for the 

microwave-synthesised Ni and Ni0.75Fe0.25 hydroxides and 

relevant tabulated data confirms the formation of target 

hexagonal phases (Fig. 1a). The absence of detectable peaks 

corresponding to β-Ni(OH)2 in the XRD pattern for Ni0.75Fe0.25 

hydroxide suggests that iron and nickel occupy the same sites in 

the crystal lattice of the isomorphous structure.13 The high 

relative intensity of the (003) and (006) diffraction peaks for the 

produced α-Ni(OH)2 and Ni0.75Fe0.25(OH)2+x materials as 

compared to tabulated diffraction data indicates increased 

periodicity in these crystallographic directions, which is typical 

for LDHs. On the other hand, the intensity of these peaks found 

herein is significantly lower than reported for nickel-iron 

analogs produced using different methods,11, 13, 40 with the 

exception for essentially completely exfoliated materials.11 This 

observation suggests that microwave synthesis facilitates 

exfoliation of hydroxide sheets, as corroborated by microscopic 

data presented later in the text. Mean crystallite sizes (dXRD) 

derived from the width at half maximum of (003) and (006) 

diffraction peaks were 17–22 nm for α-Ni(OH)2, and ~9 nm for 

Ni0.75Fe0.25(OH)2+x. 
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Fig. 1 X-ray diffraction patterns of microwave-synthesised (a, grey) Ni layered hydroxide, 

(a, black) Ni0.75Fe0.25 layered hydroxide, (b, grey) NiS2 and (b, red, blue and purple) 

Ni0.75Fe0.25S2. The temperature during synthesis was maintained at 120 °C for hydroxides, 

150 °C for NiS2, and 120 (red), 150 (blue) and 180 °C (purple) for Ni0.75Fe0.25S2. Vertical 

lines indicate the tabulated positions and relative intensities for (a, bottom) α-Ni(OH)2 

(PDF#38-0715), (a, top) Ni0.75Fe0.25 LDH (JCPDS# 38-0715), and (b) NiS2 (PDF#11-0099). 

Analysis of the Ni and Fe-edge X-ray absorption near-edge 

structure (XANES) data obtained for Ni0.75Fe0.25-LDH and 

comparison with reference spectra reveals that NiII and FeIII are 

the main oxidation states of nickel and iron in this material 

(Fig. S3a). Extended X-ray absorption fine structure (EXAFS) 

data are consistent with the layered hydroxide structure (Fig. 

S3b), in agreement with the XRD results. X-ray photoelectron 

spectroscopy further corroborates the formation of Ni0.75Fe0.25-

LDH (Fig. 2). The Ni:Fe ratio derived from XPS was close to 3:1, 

i. e. consistent with the bulk composition. The high-resolution 

XP spectra suggest that NiII is the main nickel state (Fig. 2a), iron 

is mainly present as FeIII (Fig. 2b), while the O 1s spectrum is 

mostly due to hydroxide species (Fig. S4).47 The XPS 

observations are consistent with the XAS and XRD data and 

thereby indicate the conservation of long-range order in the 

examined material. 

 
Scheme 1. A plausible mechanism of the microwave-assisted formation of 

nickel(iron) layered hydroxides and sulphides. 

Transmission electron microscopy reveals the thin sheet 

morphology of microwave-synthesised α-Ni(OH)2 (Fig. S5) and 

Ni0.75Fe0.25(OH)2+x (Fig. 3). The hydroxide sheets with lateral 

dimensions ranging from ten to hundreds of nanometers are 

self-organised into flower-like architectures (Fig. S5a and Fig. 

3a,b). The thickness of the Ni0.75Fe0.25(OH)2+x sheets, estimated 

from edge-on orientation images, is typically in the range of 1-

10 nm. The selected area electron diffraction (SAED) pattern 

collected from “flower” aggregates reveals the polycrystalline 

nature of the microwave-synthesised hydroxides (Fig. 3c and 

Fig. S5a). Bright-field images taken on individual sheets show 

inhomogeneous contrast and evidence the presence of 

polycrystalline structures in both bimetallic (Fig. 3d) and α-

Ni(OH)2 samples (Fig. S5b,c). High-resolution imaging of 

individual Ni0.75Fe0.25(OH)2+x sheets reveals a significant 

concentration of pores (Fig. 3e) that most probably contribute 

to the high surface area of this material. It can be also seen that 

extended single-crystalline areas exist within the nanosheets 

and such areas can envelop the pores present in the structure 

(Fig. 3f). 

Analysis of the textural characteristics of Ni0.75Fe0.25(OH)2+x was 

undertaken by measuring N2  adsorption-desorption isotherms 

at 77 K and processing the data using the 

Brunauer−Emmett−Teller (BET) model (Fig. S6). Under the 

assumptions of this model, the material contains a significant 

number of micropores, which theoretically might represent the 

interlayer space between sheets. The BET total and observed 

external surface areas are 149 ± 2 and 91 m2 g-1, respectively. 

Characterisation of sulphides 

XRD patterns of the materials obtained upon microwave 

treatment of α-Ni(OH)2 and Ni0.75Fe0.25(OH)2+x with 

thioacetamide are consistent with the pyrite NiS2 phase 

(Fig. 1b). Thus, nickel and iron ions randomly occupy the 

cationic positions in the crystal lattice of produced 

Ni0.75Fe0.25S2+y,17 similar to the case of Ni0.75Fe0.25(OH)2+x. 

 

 



 

| 7 

 
Fig. 2 High-resolution (a) Ni 2p, (b) Fe 2p, and (c) S 2p spectra for microwave-synthesised 

Ni0.75Fe0.25(OH)2+x (black) and Ni0.75Fe0.25S2 (synthesised at 150 °C) that was freshly 

prepared (blue) or used to catalyze the OER at 1.5 V for 12 h at 25 °C (orange). Peaks at 

168.5–168 eV in S 2p spectra originate from a sulphate contamination of unknown origin. 

 

 

 

 
Fig. 3 TEM characterisation of microwave-synthesised Ni0.75Fe0.25-LDH: (a, b) 

bright-field images of flower-like architectures composed of hydroxide sheets; (c) 

selected area electron diffraction pattern indexed according to JCPDS# 38-0715; 

(d) bright-field image and (e) high-resolution image of an individual sheet. Panel 

(f) shows an enlarged section of a high-resolution image from panel e. 

The Ni0.75Fe0.25S2+y sample synthesised at 120 °C exhibited weak 

diffraction peaks corresponding to the parent LDH, whereas 

XRD results attest to essentially complete sulphidation at 150 

and 180 °C. Nickel-iron sulphides produced via microwave-

assisted method exhibited mean crystallite sizes of 5–6 nm, 

which were essentially independent of the temperature 

maintained during the synthesis and were smaller than that of 

the hydroxide precursor. Similar disordering occurred upon 

sulphidation of α-Ni(OH)2, which produced NiS2 with dXRD = 7 

nm. 

Further insights into the structure of the microwave-

synthesised bimetallic sulphides were derived from XAS 

analysis. Fe K-edge XANES data for Ni0.75Fe0.25S2+y suggest the 

presence of mixed iron hydroxide/sulphide phases with a 

predominant FeIII oxidation state (Fig. S7). At Ni K-edge, the 

XANES energy shift is consistent with that for NiS2 (pyrite) 

attesting to a sulphide-bound redox state (II) as predominant 

for nickel (Fig. 4a). The presence of a hydroxide component is 

again evident from these data. However, the level of structural 

disorder of the hydroxide phase(s) in Ni0.75Fe0.25S2+y is very high, 

which presumably renders it undetectable by X-ray diffraction. 
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The EXAFS data for Ni0.75Fe0.25S2+y are again consistent with 

those for NiS2 (pyrite), but are substantially dampened (Fig. 4b). 

The EXAFS at both nickel and iron edges can be fit with a simple 

three parameter model derived from the known crystal 

structure of nickel pyrite (Fig. S8, Table S3). The fact that nearly 

the same fit can be obtained from both metal edges implies that 

iron atoms are occupying nickel sites in this material rather 

than, for example, decorating the surface of the material in a 

different state. Thus, the XAS is consistent with the 

observations from XRD (Figure 1b) confirming that the 

microwave-synthesised material contains Ni0.75Fe0.25S2+y with a 

pyrite-like structure. 

 
Fig. 4 (a) Ni K-edge XANES (blue) and (b) Ni (blue) and Fe (orange) K-edge EXAFS spectra 

of Ni0.75Fe0.25S2+y (microwave-synthesised at 150 °C). Grey and black traces show 

reference data for NiS and NiS2 (pyrite), respectively. 

Outcomes of the XPS analysis of Ni0.75Fe0.25S2+y (Fig. 2) were 

consistent with both XRD and XAS, showing a Ni:Fe atomic ratio 

close to 3:1 and confirming that the predominant oxidation 

states of nickel and iron are II and III, respectively. Sulphide 

species were also unambiguously detected as a peak at 163 eV 

in the S 2p spectrum (Fig. 2c), though the concentration of 

sulphides derived from XPS (Ni:Fe:S- ≈ 3:1:2) was significantly 

lower than the stoichiometrically expected value. This is 

interpreted in terms of the formation of an (oxy)hydroxide 

surface layer and is further supported by the Ni 2p spectrum, 

where signals are mainly due to hydroxide species and only a 

shoulder at binding energies below 854 eV is ascribed to nickel 

sulphide (Fig. 2a). However, this hydroxide shell is very thin, as 

suggested by the unambiguous detection of the sulphide 

species in the S 2p spectrum. 

TEM analysis of the microwave-synthesised NiS2 and 

Ni0.75Fe0.25S2+y shows that these materials represent aggregates 

of interconnected nanocrystalline grains (Fig. S5d,e and Fig. 5). 

The SAED patterns are consistent with the XRD data and exhibit 

polycrystalline rings corresponding to a pyrite phase (Fig. 5b). 

Bright field imaging of Ni0.75Fe0.25S2+y at higher magnification 

reveals the presence of very small grains with the sizes of about 

1 nm and below, which are visualised as small diffracting darker 

spots (Fig. 5d). The morphology of Ni0.75Fe0.25S2+y is consistent 

with a comparatively high surface area of approximately 87 m2 

g-1 derived from the N2 adsorption/desorption isotherms for 

this sample (Fig. S6b). Finally, energy-dispersive X-ray (EDX) 

mapping conducted for the Ni0.75Fe0.25S2+y material under 

scanning electron microscopic conditions confirmed 

homogeneous spatial distributions of nickel, iron, and sulphur 

within the microwave-synthesised particles (Fig. 5e). The Ni:Fe 

elemental ratio derived from the EDX mapping analysis was 3:1. 

 
Fig. 5 Microscopic characterisation of Ni0.75Fe0.25S2 synthesised under microwave 

conditions at 150 °C: (a, c, d) bright-field TEM images of polycrystalline aggregates, (b) 

selected area electron diffraction pattern, and (e) SEM image and energy-dispersive X-

ray nickel, iron and sulphur elemental maps. 

To improve the crystallinity, several Ni0.75Fe0.25S2+y samples 

obtained under microwave conditions at 150 °C were 

additionally calcined in the N2 atmosphere for 2 h. Calcination 
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at 350 °C enhanced dXRD for the double-metal pyrite phase up 

to 25 nm and did not induce significant qualitative changes to 

the XRD pattern, although the evolution of new faint diffraction 

peaks was noted (Fig. S9). However, segregation of iron to the 

surface resulting in a Ni:Fe atomic ratio of approximately 2:1 

was revealed by XPS upon such treatment (Fig. S10). Increasing 

the annealing temperature to 450 °C enhanced the intensity of 

new diffraction peaks and significantly affected relative 

intensities of the pyrite diffraction signals, while heating at 

600 °C caused degradation of the material with the formation 

of a complex mixture of unknown nature (Fig. S10). The surface 

of material treated at 600 °C was enriched with iron (Ni:Fe = 

0.8:1) and contained a very small amount of sulphur, as 

determined by XPS (Fig. S10). 

In summary, physical characterisation of the examined 

microwave-synthesised materials is consistent with the 

formation of Ni(Fe) layered hydroxides and sulphides. TEM 

characterisation reveals that the employed synthesis conditions 

promote exfoliation of polycrystalline porous Ni0.75Fe0.25(OH)2+x 

sheets. Sulphidation of this LDH produces a network of highly 

disordered Ni0.75Fe0.25S2+y nanoparticles, whose surface is 

covered with metal hydroxides. 

Electrocatalytic activity 

Numerous reports on the use of nickel(iron) based materials as 

anode and cathode water-splitting catalysts operating at 

different pH instigated us to explore the electrocatalytic 

performance of the microwave-synthesised hydroxides and 

sulphides towards both hydrogen and oxygen evolution 

reactions in acidic and alkaline solutions. Given the chemical 

instability of nickel(iron) hydroxides at very low pH, only 

sulphides were investigated in 0.5 M H2SO4. On the anodic side, 

oxidation current densities of the order of mA cm-2 were 

achieved at potentials more positive than 2.2 V on the RHE scale 

(Fig. S11a), which unsurprisingly attests to the unsatisfactory 

catalytic performance of Ni0.75Fe0.25S2 for the OER under these 

harsh conditions. 

Voltammetric measurements to test the HER catalytic activity 

of NiS2 and Ni0.75Fe0.25S2 in 0.5 M H2SO4 were undertaken with 

the potential of the working electrode always kept below 0 V vs. 

RHE to suppress possible dissolution. Reasonably high reductive 

current densities reproducibly manifesting in the first 

voltammetric cycles at potentials more negative than ca -0.2 V 

vs. RHE were not observed in subsequent potential sweeps 

(Fig. S11), again indicating poor stability of these catalysts in 

acidic solutions (however, visual inspection of the electrodes 

did not reveal any changes to the catalyst layers, i.e. the 

materials did not undergo significant dissolution). These 

findings contradict recent reports on high and stable HER 

catalytic activity of nickel and nickel-iron sulphides under 

similar conditions.39, 40 This discrepancy might be because of the 

disordered and highly-dispersed nature of the microwave-

synthesised materials (Fig. 1, Fig. 4 and Fig. 5). To verify this 

hypothesis, Ni0.75Fe0.25S2+y with improved crystallinity (after 

calcination in N2 at 350 °C) was tested for its activity in the HER, 

but the same unsatisfactory behaviour and very low activity 

were found again (Fig. S11a). The aforementioned observations 

hold true for both NiS2 Ni0.75Fe0.25S2+y, irrespective of 

temperatures maintained during synthesis and annealing 

procedure (Fig. S11). Presumably, the inability to improve the 

performance of the microwave-synthesised bimetallic 

sulphides by calcination was at least in part due to changes in 

the surface Ni:Fe ratio induced by such treatment. 

In contrast to the results obtained in 0.5 M H2SO4, robust 

electrocatalytic performance for H2 evolution is demonstrated 

by the microwave-synthesised hydroxides and sulphides in 1 M 

KOH (Fig. S12). Cyclic voltammograms recorded in N2-saturated 

and intensively stirred solutions demonstrate the superior 

catalytic performance of Ni0.75Fe0.25S2+y and NiS2 as compared to 

their hydroxide counterparts. Interestingly, no significant 

influence of the presence of iron and the synthesis temperature 

on the HER performance of sulphides was identified under 

alkaline conditions. The best H2 evolution performance among 

the examined materials was demonstrated by Ni0.75Fe0.25S2+y 

produced at 150 °C. Flat electrodes modified with this catalyst 

at a loading of Γ = 0.28 mg cm-2 provided the reductive current 

density of 10 mA cm-2
geom. at -0.38 V vs. RHE. The specific activity 

of this catalyst at -0.3 V vs. RHE was estimated as 8 A g-1. 

Notwithstanding that this value is most probably the lower limit 

of the true intrinsic catalytic activity of the material (vide infra), 

it can be concluded that the microwave-synthesised nickel(iron) 

sulphides are not highly active catalysts for H2 evolution.48 

Further experiments focused on the electrocatalytic oxidation 

of water in the presence of 1 M KOH, where microwave-

synthesised nickel-iron systems demonstrated much more 

impressive performance and sulphides again significantly 

outperformed their hydroxide counterparts (Fig. 6). The quasi-

steady-state nature of the electrocatalytic parts of the 

presented voltammetric curves was confirmed by 

measurements undertaken at varying potential scan rates and 

chronoamperometry at selected potentials (Fig. S13). Activity 

indicator “overpotential at the OER current density of 10 mA 

cm-2
geom.” (η10) that is widely used in the literature does not 

allow for direct comparisons of intrinsic catalytic activity as η10 

depends on Γ and the electrode geometry/structure. In essence, 

this parameter is most useful when high-loading, high-surface-

area electrodes constructed for application in end devices are 

compared. We provide relevant η10 data, but discussions below 

are mainly based on the OER current densities at defined 

overpotentials normalised to the mass (i) and BET external 

surface area (j) of catalysts (Table 1). 

Conversely, similar considerations cannot be invoked to 

rationalise the superiority of Ni0.75Fe0.25S2+y over 

Ni0.75Fe0.25(OH)2+x, which provide comparable surface 

concentrations of metal-based active sites (cf. cathodic sweeps 

in the inset to Fig. 6a). The specific electrochemical double-layer 

capacitances are also similar for these two types of materials 

(Fig. S14), as are the external BET surface areas (Table 1). 

Therefore, the higher electrocatalytic activity of Ni0.75Fe0.25S2+y 

can be attributed to their excellent electrical  
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Fig. 6 (a) Cyclic voltammograms (scan rate 0.005 V s-1) for oxidation of stirred 1 M 

KOH with a glassy carbon electrode that was (i) unmodified, or coated with 0.28 

mg cm-2 of microwave-synthesised (ii) α-Ni(OH)2, (iii) Ni0.75Fe0.25(OH)2+x, (iv) NiS2 or 

Ni0.75Fe0.25S2+y produced at (v) 120, (vi) 180 or (vii) 150 °C. The inset shows 

magnified plots of redox transformations of the bimetallic materials preceding the 

water oxidation wave. Panels (b) and (c) show effects of catalyst loading (Γ / mg 

cm-2) on the voltammetric behaviour and catalytic activity of Ni0.75Fe0.25(OH)2+x and 

Ni0.75Fe0.25S2+y synthesised at 150 °C. Currents are normalised to the electrode 

surface area or catalyst mass. All data were post-corrected for the IRu drop (Ru = 

13-15). 

conductivity as compared to LDHs. Indeed, nickel-iron sulphides 

synthesised at 150 °C provided the sheet resistance of only 

33 mΩ square-1 when deposited as thin layers on a glass 

substrate, while the conductivity of similarly produced 

Ni0.75Fe0.25(OH)2+x coatings could not be reliably measured by a 

four-point probe. Besides, voltammetric OER curves registered 

with Ni0.75Fe0.25(OH)2+x demonstrated an ohmic behaviour 

(linear dependence of current on potential) at current densities 

above 10 mA cm-2
geom.. However, another equally or even more 

important factor that can contribute to differences in the 

specific catalytic activities of the microwave-synthesised 

sulphides and hydroxides is a dissimilarity in the nature of 

electrochemically active Ni(Fe) species present on the surface 

of these materials that manifests in cyclic voltammetric data 

(inset to Fig. 6a). 

The processes within the 1.32-1.50 V vs. RHE potential range 

can be attributed to the Ni2+/3+ redox transformations.49-51 The 

voltammetric behavior of Ni0.75Fe0.25(OH)2+x within this range is 

consistent with the previously reported data for nickel-iron 

hydroxides with the same Ni:Fe ratio.52 For Ni0.75Fe0.25S2+y, 

similar redox transformations, though at slightly more negative 

potentials can be also identified. However, at least one different 

type of redox active species, presumably nickel-based 

(oxidation process at ca 1.35 V), is also present on the surface 

of the sulphide-based electrocatalyst. These observations are 

particularly interesting in the light of identical surface 

concentrations of nickel and iron derived from XPS, and attests 

to significant differences in the electrochemical/ 

electrocatalytic behaviour of (oxy)hydroxides formed upon 

electrooxidation of bimetallic sulphide surface and LDHs. This is 

further confirmed by comparisons of the surface-area 

normalised specific activities of Ni0.75Fe0.25(OH)2+x and 

Ni0.75Fe0.25S2+y (Table 1). 

To enable reliable quantification of the intrinsic OER catalytic 

activity, effects of the catalyst loading on the voltammetric 

behaviour of synthesised materials were examined (Fig. 6b-c, 

Fig. S15). Mass-normalised electrocatalytic activity derived 

from these data gradually increase with a decrease in Γ, which 

identifies that the performance of the catalysts is limited by 

agglomeration. Indeed, SEM analysis of drop-casted 

Ni0.75Fe0.25OH2+x and Ni0.75Fe0.25S2+y reveals the formation of 

comparatively crude aggregates of these materials on a flat 

support surface (Fig. S16). Variation of the loading of 

Ni0.75Fe0.25OH2+x also induced notable changes in the 

voltammetric behaviour of this catalyst. Specifically, decreasing 

Γ pronouncedly enhanced the mass-normalised intensity of the 

process for reduction of the nickel(iron) species manifesting at 

ca 1.4 V vs. RHE in cathodic sweeps of voltammograms (Fig. 6b). 

This observation indicates that agglomeration is suppressed 

when a smaller amount of Ni0.75Fe0.25OH2+x is deposited and 

more exfoliated hydroxide sheets, as those visualised by TEM 

(Fig. 3), become exposed to the solution. Correlation of this 

phenomenon with changes in the electrocatalytic performance 

(Fig. 6b, Table 1) suggests that basal planes of the microwave-

synthesised nickel-iron layered hydroxides significantly 

contribute to the OER activity. Interestingly, the specific activity 

of Ni0.75Fe0.25OH2+x did not stabilise even at very low Γ of 0.004-

0.01 mg cm-2 (Fig. 6b), which identifies the electrocatalytic 

performance of this material presented herein as a lower limit. 

Determination of the true intrinsic OER activity was found to be 

challenging due to unsatisfactory reproducibility of the results 

obtained at catalyst loadings below 0.004 mg cm-2. In contrast, 
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the water oxidation current densities for Ni0.75Fe0.25S2+y 

converged to similar values at Γ = 0.004-0.01 mg cm-2 (Fig. 6c). 

In this case, the dependence of the specific activity on loading 

is attributed to the agglomeration effect only. 

Stability of the microwave-synthesised materials was examined 

during long-term potentiostatic and galvanostatic experiments. 

Ni0.75Fe0.25S2 synthesised at 150 °C was found to be capable of 

sustaining water electrooxidation for many hours at ambient 

temperature with negligible loss in the initial current density 

(Fig. 7a). Interestingly, XPS analysis of the sulphide sample after 

this experiment revealed an only minor decrease in the 

concentration of sulphide species in the near-surface layers, 

which were still detectable after 12 h of operation (Fig. 2c). TEM 

analysis of the similarly produced sample did not show any 

notable changes in the microstructure and morphology (Fig. 

S17). These observations indicate that a thin active layer of 

(oxy)hydroxide may impede the degradation of catalyst and 

thus maintain its high activity. Robust operation of the catalyst 

during the HER under ambient conditions is also noted (Fig. 7a). 

Further assessment of the stability of Ni0.75Fe0.25S2+y was 

undertaken using a porous Ni foam support modified with the 

microwave-synthesised material at Γ = 3 mg cm-2
geom (optimised 

on the basis of the voltammetric data; Fig. S18). Galvanostatic 

test at ambient temperature did not show any degradation over 

the period of 24 h, whereof the water oxidation current density 

of 10 mA cm-2 was stably maintained at η10 = 0.21 V (Fig. 7b). 

Further, the durability of Ni0.75Fe0.25S2/Nifoam electrodes was 

examined at 60 °C. Under these harsher conditions, ca 0.03 V 

increase in the overpotential needed to sustain the OER at the 

rate of 10 mA cm-2 was observed over 24 h of the test, but the 

performance seems to stabilise at this point. Overall, the results 

summarised in Fig. 6 and Fig. 7 attest to the capacity of the 

microwave-synthesised nickel-iron sulphides to operate as 

efficient catalysts for water electrooxidation on a long 

timescale, notwithstanding the very high level of structural 

disorder in these materials. 

Table 1 juxtaposes the OER activities of the microwave-

synthesised Ni0.75Fe0.25S2 and Ni0.75Fe0.25(OH)2+x catalysts with 

those of the best-performing (to the best of our knowledge) 

analogs reported in the literature. Microwave-synthesised 

Ni0.75Fe0.25(OH)2+x exhibit similar mass-normalised activity to 

that of the most active unsupported catalysts of this class, 

including [Ni0.78Fe0.22(OH)2](NO3)y(OH)x-y LDHs synthesised by 

pulsed-laser ablation technique12 and completely exfoliated 

layered hydroxides with the Ni:Fe ratio as in our work.8, 11 

However, catalyst synthesis in Refs.8, 11, 12 either required 

advanced equipment or involved days of hydrothermal reaction 

followed by 24 h of exfoliation through mechanical stirring 

under inert conditions. Similarly performing Ni0.75Fe0.25(OH)2+x 

material reported herein was obtained after only 1 h of the 

microwave reaction at 120 °C. 

 

Fig. 7 Long-term oxidation and reduction of water (1 M KOH) catalyzed by 

Ni0.75Fe0.25S2+y (synthesised under microwave irradiation at 150 °C): (a) 

potentiostatic experiments for the OER (1.5 V vs. RHE) and HER (-0.4 V vs. RHE) at 

25 °C using a flat glassy carbon support and 0.28 mg cm-2 catalyst loading; (b) 

galvanostatic experiments for the OER at 10 mA cm-2 at 25 (blue; left-hand-side 

ordinate axis) and 60 °C (red; right-hand-side ordinate axis) using nickel foam 

support and 3 mg cm-2
geom. catalyst loading. Solutions were intensively stirred 

during experiments. 

Unfortunately, very limited data on the surface area of the NiFe 

LDH materials are available in the literature. This precludes 

comparisons in terms of the surface area-normalised water 

oxidation current densities, which is useful for establishing the 

differences/similarities in the nature of true electrocatalytically 

active species. Our attempt to use the specific double-layer 

capacitance provided in one of the publications on Ni0.7Fe0.3-

LDH14 to estimate ABET for this catalyst produced j values that 

were significantly lower than for the microwave-synthesised 

Ni0.75Fe0.25(OH)2+x (Table 1). However, the specific surface area 

estimated via this approach for Ni0.7Fe0.3-LDH from Ref.14 is 

unrealistically high. 

Hitherto, the best-known nickel-iron sulphide-based catalyst for 

water electrooxidation was reported by Golberg et al.16 In fact, 

the only catalyst that outperforms this system in terms of mass-

weighed activity are gelled FeCoW mixed metal oxyhydroxides53 

(Table S1). At typically employed loadings (0.1-0.3 mg cm-2), 

microwave-synthesised Ni0.75Fe0.25S2+y (150 °C) yield in 

performance to the material developed in Ref.16 at 0.25 V, 

although the activities become comparable at the OER 
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overvoltage of 0.30 V (Table 1). At low Γ, the intrinsic activity of 

the Ni0.75Fe0.25S2+y catalyst introduced herein is very high, and in 

fact, the highest reported for any NiFe-based water oxidation 

catalyst to date (Table 1). Interestingly, the specific capacitance 

of the Ni0.75Fe0.25 oxyhydroxide/disulphide catalyst from Ref.16 

(ca 1.3 F g-1) is approximately 6-fold lower than that of 

Ni0.75Fe0.25S2+y obtained under microwave conditions at 150 °C 

(ca 7.7 F g-1; Fig. S14c), which can be tentatively extrapolated to 

a comparatively low ABET and outstandingly high jBET for the 

catalyst synthesised by Golberg and colleagues (Table 1). At the 

same time, comparison of the intensities of reductive peaks in 

cyclic voltammograms for Ni0.75Fe0.25S2+y synthesised herein at 

150 °C (Fig. 6a, inset) and Ni0.75Fe0.25 oxyhydroxide/disulphide 

from Ref.16 suggests that the latter exhibits at least 7-fold higher 

mass-weighed concentration of electroactive Ni(Fe) species. It 

can be hypothesised that these two factors compensate for 

each other and result in comparable intrinsic mass-weighed 

electrocatalytic activities for two different types of nickel-irons 

sulphide catalysts. However, analysis of the data in Table 1 also 

suggests that deposition of microwave-synthesised 

Ni0.75Fe0.25S2+y on a high surface area support while preventing 

significant agglomeration might produce a catalyst that will 

outperform the material developed in Ref.16 irrespective of the 

loading on the electrode surface. 

Finally, it is additionally emphasised that the microwave 

synthesis procedures developed herein are very simple as 

compared to alternative methods summarised in Table 1, but 

enable fabrication of similar or better-performing catalysts. This 

provides important technological advantages. Equally 

importantly, the electrocatalytic performance of the 

microwave-synthesised materials is perfectly reproducible 

(Fig. S19), further demonstrating the reliability of this method. 

Conclusions 

In summary, the present study introduces an effective and 

economical microwave-assisted solution-phase strategy for the 

synthesis of polycrystalline nickel(iron) layered hydroxides and 

sulphides. As synthesised materials are highly-dispersed and 

exhibit a significant degree of structural disorder, which enables 

a very high yet robust catalytic activity for water 

electrooxidation in alkaline solutions. Investigation of the 

performance-loading dependencies for the microwave-

synthesised catalysts allowed for the determination of their 

intrinsic electrocatalytic activities, which are higher than those 

of analogs reported in the literature. When Ni0.75Fe0.25(OH)2+x 

and Ni0.75Fe0.25S2+y are immobilised on electrodes at high 

loadings, their catalytic activity is partially suppressed by 

agglomeration. Nevertheless, these electrodes still exhibit the 

state-of-the-art water oxidation performance at the level of the 

best catalysts currently known. Specifically, nickel foam 

functionalised with Ni0.75Fe0.25S2+y provides the water 

electrooxidation rate of 10 mA cm-2
geom. at an overpotential of 

0.21 V at 25 °C. Developing a method to deposit this bimetallic 

sulphide onto a high surface area corrosion-resistant support 

while preventing significant agglomeration is expected to 

provide even better water oxidation performance. To the best 

of our knowledge, the present study is the first report on the 

microwave-assisted synthesis of nickel(iron) layered hydroxide 

and sulphide water oxidation catalysts. Apart from being rapid 

and facile, this synthetic method also opens up many 

possibilities for structural/morphological tuning and doping of 

electromaterials for further improvements in catalytic and 

other properties. 
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