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Abstract. Electrochemical water splitting is a key method for clean, sustainable,
and green hydrogen production, in which hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) are the essential reactions underlying this
phenomenon. These reactions are relatively sluggish in the perspective of
reaction kinetics, which need to be catalyzed by electrocatalysts, like Pt/C, IrOs,
and RuO2. However, these are problematic electrocatalysts when large-scale
applications are considered in terms of affordability and scarcity of the precious
elements. In this study, we aim to develop more accessible and affordable
electrocatalysts containing relatively abundant elements used in alkaline
conditions. Accordingly, the electrocatalytic properties of the anti-perovskite
structure NisFeN compound were investigated. Single-phase stoichiometric
NisFeN powder was synthesized by hydrothermal precipitation of the mixed
metal hydroxide and then by ammonolysis reaction. Phase purity and crystallinity
were ensured by XRD and EDS. Additionally, particle size and morphology were
examined with SEM. Finally, with LSV measurements for OER performance,
overpotential at 10 mV/cm? and Tafel Slope were found to be 359 mV and 127.8
mV/dec, respectively. To determine ECSA and EDLC, CV was recorded in the
non-faradaic region at various scan rates ranging from 5 to 800 mV/s. The results
of EDLC and ECSA were 595 pF/cm? and 2.92 cm?, respectively. HER
performance was found not to be significant. All electrochemical tests in the
study were carried out in an alkaline electrolyte. The outcome of this study
suggests that the Nickel-Iron Nitride compound is a potential candidate as an
electrocatalyst for OER under alkaline conditions.

Keywords: Water Splitting, Nickel-Iron Nitride, Electrocatalysts, Oxygen
Evolution Reaction.

1 Introduction

Water splitting is a key process for the transformation of electrical energy into chemical
energy within a sustainability scope, and its significance advances gradually due to the
increased energy demand of the world [1]. Inevitable depletion of fossil fuels in the
future may be a reason for the increased attention on sustainable energy technology
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from the scientific community and the authorities. Moreover, hydrogen, as a product of
water splitting, is an abundant element in nature, and it provides three times higher
energy than that of gasoline in the same quantity [2]. From this perspective, new devel-
opments in water splitting technologies become noteworthy.

Water splitting is based on two fundamental reactions, which are the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER). While the hydro-
gen evolution reaction requires the transfer of two electrons to proceed, the transfer of
four electrons is needed for oxygen production [3]. In alkaline medium, the oxygen
evolution mechanism follows the pathways below (M represents the catalyst surface)

[4]:

M+0H - M—0H (1)

M —OH + OH™ - M — 0 + H,0 )
2M — 0 > 2M + Oy, 3)
M—0+0H - M—00H +e" (4)
M — OOH + OH™ = M + Oy, + Hy 0 (5)

The overall oxygen evolution reaction is,
40H(4q) = 2H;0(qq) + 4™ + O3y (6)

The reaction can occur in two ways. One of them is step (1), step (2) and step (3).
Also, the M-O intermediate, which emerges at step (2), can react with OH-, rather than
other oxygen adsorbed on the surface, and forms M-OOH. Then, M-OOH reacts again
with OH- in electrolyte, and liquid water returns electrolyte while gaseous oxygen de-
sorbs from surface.

However, OER proceeds in multiple steps, and single-electron transfer in each step
makes it kinetically more sluggish [5]. Thus, catalytic materials play a vital role in
achieving as low overpotential and high current density as possible when the OER pro-
cess occurs. The well-known electrocatalysts for OER are IrO»/RuQO,, and those for
HER are Pt and its alloys, so they are also used as benchmark catalysts for the reactions,
respectively [6]. However, their scarcity and high cost prevent their commercialization
for industrial applications [7]. Therefore, the development of relatively abundant and
low-cost catalyst materials has gained prominence, and transition metal nitrides are one
of the groups of materials that have been extensively explored for OER.

Transition metal nitrides could be seen as a promising candidate for OER catalyst
because they have unique properties such as their multi-valence states, special elec-
tronic structure, and physical properties [8]. For example, Nitrogen atoms introduced
into transition metals cause d-band contraction and increase the density of d-electrons,
which is similar to that of noble metals up to the Fermi Level [9]. In addition to the
electronic structure advantages of transition metal nitrides, they show metallic conduc-
tivity and high corrosion resistance [10]. Thus, it can be utilized under harsh and real-
istic conditions [11].
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In this study, we synthesized phase pure stoichiometric NizFeN powders in order to
measure the catalytic activity of it for the oxygen evolution reaction in a 1 M KOH
electrolyte, which is saturated with nitrogen gas. The aim for the use of N,-saturated
alkaline electrolyte is to obtain the true kinetic contribution of the electrocatalyst. Elec-
trochemical measurements, cyclic voltammetry, and linear sweep voltammetry, were
conducted to determine the catalytic activity of NizFeN powder mixed with carbon
black to facilitate easy electron transfer during the reaction proceeds.

2 Experimental Procedure

2.1  Synthesis and Characterization of NizFeN

Synthesis. NiCl,.6H,O (Sigma-Aldrich, Reagent plus) and FeCl,.6H,O (Merck, ACS
reagent, 99%) were used as precursor materials to synthesize nickel-iron nitride pow-
der, and they were mixed with deionized water of 150 mL and 1000 mL, respectively.
The moles of the precursors were determined according to the ratio of elements in the
targeted compound. Also, 162.5 mmol of urea were mixed with 150 mL of deionized
water. After complete dissolution of precursors, the nickel-containing solution was
added to the iron-containing solution. Then, the urea solution was poured into the iron-
nickel aqueous mixture slowly. After mixing all precursors, the solution was transferred
into a stainless-steel reactor at 120 °C for 25 hours to synthesize Ni-Fe-hydroxide/oxy-
hydroxide phases. When the synthesized hydroxide/oxy-hydroxide phases were cooled
down to room temperature, they were centrifuged and washed with distilled water sev-
eral times. Final washing was carried out with ethanol. Subsequently, it remained to be
dried at 80 °C overnight; thereafter, they were ground in a mortar. The ammonolysis
reaction occurred in a tube furnace under flowing NHj3 at 500 °C for 3 hours. The black
powder obtained from the ammonolysis reaction was then ground in a mortar.

Characterization. The crystal structure of the synthesized powder was examined by
X-Ray Diffractometer (XRD, Bruker D8 Advance, CuKa). Scanning range and scan
rate for X-Ray diffraction were 20°-80° and 5°/min. Morphology investigation and
compositional analysis (EDS analysis) of the synthesized sample were performed under
scanning electron microscopy (FE-SEM, Nova NanoSEM 430).

2.2 Electrode Preparation, Cell Configuration, and Electrochemical
Measurements

Electrode Preparation. 50 mg of active material and 10 mg of carbon black (Printex
L6), as a conductive additive, were mixed with 8 mL of ultra-high pure water and 2 mL
of isopropyl alcohol by ultrasonicator for 15 min in an ice bath. Subsequently, 200 pL
of Nafion™ solution (5% in isopropyl alcohol) was added to it. Then, it was sonicated
once more for 15 min to properly disperse the binder into the mixture, which was now
called ink. Afterwards, a mirror-finished glassy carbon rotating disc electrode was
coated by 10 puL of prepared ink by drop casting, and it was dried at ambient conditions.



Development and Characterization of Anti-Perovskite Structured ... 251

Cell Configuration and Electrochemical Measurements. The electrochemical cell
consisted of three electrodes and an electrolyte. The working electrode was a rotating
disc electrode coated with active material; a platinum electrode was used as a counter
electrode, and a reversible hydrogen electrode (BioLogic, HydroFlex®) was the 1. a. 1.
reference electrode in the cell configuration. Also, the alkaline electrolyte was 1.0 M
of KOH (Merck, KOH > 85%, pellets) solution with a pH of 14.04

Before cyclic voltammetry (CV) and linear sweep voltammetry (LSV), N, gas was
passed through the electrolyte at a flow rate of 1.5 L/min for 20 min. The reason for the
preference of nitrogen gas was to understand the true kinetic evaluation of the catalyst.
Also, to make the surface ready for electron transfer, conditioning CV was applied
around 1.23 V+0.15 V (for OER) at 300 mV/s for 50 cycles while gas was bubbled into
the solution, and the working electrode was not rotating. Then, the electrolyte was
blanketed with N, gas during LSV. For OER, LSV was applied from 1.2 Vto 1.6 V at
a 5 mV/s sweep rate while the working electrode was rotating at 1600 rpm. To deter-
mine the electrochemically active surface area (ECSA) and electrochemically double-
layer capacitance (EDLC), cyclic voltammograms were obtained at various scan rates
(5, 10, 25, 50, 100, 200, 400, 800 mV/s) in the non-faradaic region (0.9-1.1 V) while
nitrogen gas was used to blanket the electrolyte surface. The working electrode was not
rotating during the CV measurements.

3 Results and Discussion

3.1 Characterization of the Synthesized Ni;FeN Compound

The aim of synthesizing phase-pure NizFeN was accomplished via hydrothermal pre-
cipitation, confirmed by XRD results (Fig. 2). The most intense and detectable peaks
match the theoretical peaks. Thus, according to the peak positions taken from the ICDD
database [12], a phase-pure nickel-iron nitride compound was obtained from the syn-
thesis. On the other hand, weak 2 peaks around 54 and 60 degrees could be obscured
by background noise. Moreover, EDS results support the deduction from XRD, indi-
cating reasonably low impurity in the sample.
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Fig. 1. a) XRD result of the synthesized NisFeN (black), red lines indicate the theoretical
peak positions according to ICDD database (ICDD card no. 00-050-1434) b) EDS result of
NiszFeN.
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As mentioned above, the synthesized powder was examined under SEM to under-
stand the morphology and obtain a clue about the size of the particles. SEM images at
different magnifications can be seen in Figure 3. The morphology of the sample can be
described as the fact that irregularly shaped particles were interconnected with each
other and formed a sponge-like network, which creates voids and openings. These fea-
tures may increase the surface area. Furthermore, the size of some particles measured
from SEM images provides a hint about the particle size, which supports the irregularity
of the particles, ranging from 190.7 nm to as high as 593.0 nm.

Fig. 2. SEM images of NisFeN powders; a) 10 000x magnification, b) 20 000x magnification, c)
40 000x magnification with the particle size measured by using the scalebar.

3.2  Electrocatalytic Performance

Electrochemical double-layer capacitance and electrochemically active surface area of
the NizFeN/C were determined by carrying out cyclic voltammetry at various scan rates
(Fig. 3a). The specific electrochemical double-layer capacitance (EDLC) of NizsFeN/C
was found to be 595 uF/cm? from the slope of capacitive current density with respect
to scan rate obtained via CV curves. Also, the roughness factor is 14.8. It was calculated
simply by dividing the specific double-layer capacitance by the specific capacitance of
an atomically flat and smooth surface (40 uF/ cm? in 1 M KOH). Dividing the rough-
ness factor by the geometric surface area of the electrode gives the electrochemically
active surface area, which is 2.92 cm?.
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Fig. 3. a) cyclic voltammetry curves for NizFeN/C at various scan rates, b) capacitive current
density change of NisFeN/C during CV with respect to scan rates; black line shows linear regres-

sion of data.

The linear sweep voltammetry (LSV) curve of the synthesized NizFeN/C compound
and its Tafel slope is given in Figure 5. The overpotential at 10 mA/ cm? current density
is found to be 359 mV. According to the study of Putra et. al., commercially used IrO,/C
in N»-saturated 1 M KOH electrolyte shows 379 mV overpotential at 1 mA/ ¢cm? onset
current density [13]. Furthermore, the same study states that the Tafel slope of IrO»/C
under the same conditions (in N»-saturated 1 M KOH) is 189 mV/dec [13]; on the other
hand, NisFeN/C shows 127.8 mV/dec, which is lower than IrO,/C. Therefore,
Ni3FeN/C surpasses the commercial IrO> electrocatalyst for OER.
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Fig. 4. a) Linear sweep voltammogram and b) Tafel slope of synthesized NizFeN/C.
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There is also an oxidation peak around 1.45 V in the LSV curve of Ni3FeN/C. The study
of Yu et. al., assigned the peak as oxidation of Ni*? to Ni** [14]. Thus, the oxidation
peak shown around 1.45 V in Figure 5a is thought to be an Ni*?/Ni*3 oxidation.

4 Conclusion

Due to the increasing attention to green energy around the world, the importance of a
new noble element-free electrocatalyst becomes emergent gradually. Therefore, a
nickel-iron nitride compound was developed and characterized in terms of catalytic
properties in this study. When developed NizFeN/C compound was electrochemically
tested, it was found that it exhibits remarkable electrocatalytic behavior, such as a rel-
atively low overpotential at 10 mA/cm? onset potential, which is 359 mV in 1 M KOH
electrolyte saturated with N». Also, the Tafel slope of NisFeN/C was found to be 127.8
mV/dec. Moreover, the electrochemically active surface area (ECSA) was 2.92 cm? as
well as the fact that the roughness factor was 14.8. When it is compared to commercial
IrO,/C from the point of catalytic activity, Ni3FeN/C can be an encouraging candidate
for a noble-element-free catalyst for oxygen evolution reaction.
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